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Tne o i l  sha le  used i n  t h i s  study i s  a sedimentary rock containing various -. 

Associated Qi%th t h e  kerogen are la rge  qx3nt i t ies  
aqounts of organic mater ia l  (comonly ca l led  kerogen), which vias derived fron de- 
ccmgosition of aquat ic  organisms. 
cf c a l c i t e  and dolcni te ,  wi th  smaller mounts o f  c l a y  minerals, quartz,  pyr i te ,  e tc .  
The !terogen i s  a light-brown mixture of s o l i @  having no appearance of o i l  and is 
o n l y  p a r t l y  soluble  i n  orga2ic solvents a t  room te iqera ture .  A t  present ,  it has not 
been possible  tc separa te  the organic and inorganic  phases completely, consequently, 
most  kerogen c o n s t i t u t i o n a l  s tud ies  have been conducted on degradation prouucts. 

Cne netnod of degradation cons is t s  of heat ing kerogen at various tenperatures  
?hen r e t o r t e d  a t  about 500" C. (932" F.), keroken c m  tc obtain soluble prOdmtS. 

be converted to crude shale  o i l ,  gases and carbon residue. 
p r c e r i t  of t'ne, kerogen is  cracked t o  gases and carbon residue by re tor t ing ,  this 
li?eti?.od of de,oradation is not  s u i t a b l e  f o r  c o n s t i t u t i o n  s tudies .  
converted t o  s o l u b l e  prodilcts a t  temperatures from 200" t o  350" C.  (392" t o  662" F.), 
hu;;ever, a t  a nuch sloiTer r a t e .  Kxtensive cracking of kerogen does not  occur a t  
these teqserat;v.res; consequently, the so lcb le  products obtained by t h i s  thermal 
degradation should contain many of the s t ruc tures  present - in  the o r i g i n a l  kerogen. 

Saxples of rw o i l  shale were extracted with t e t r a l i n  a t  25' t o  350" C. f o r  
21: t o  L!h hours. 
Froduction of no o r  very l i t t l e  pyro ly t ic  gases a t  300" C., and only about 6% of 
t i e  kerogen vras degrad3d t o  gases a t ;50" C ,  
t i o n  of  carbon residue a t  any temperature. The crude e x t r a c t s  were f rac t iona ted  
i n t o  oils, v;ajces, r e s i n s  , and pentane-insoluble mater ia l  and ch i rac te r ized  by 
u l t i i i a te  analyses, r i n g  analyses,  x-ray d i f f r a c t i o n ,  mass and i n f r a r e d  spectra ,  and 
chepAcal treatment.  

As approxinately 35 

Kerogen can a b o  be 

As a r e s u l t ,  kerogen imi degraded t o  a soluble  mater ia l ,  viith 

There was no evidence of the foma- 

This studjr  sho?i?ed t h a t  the  composition of the e x t r a c t s  depended-qon t h e  t i n e  
and t e q e r a t u r e  of ex t rac t ion .  
mater ia l  i m r e a s e d  with increase I n  tenperature  of e x t r a c t i o n  ,. v h i l e  t h e  percentage 
of res ins  decreased wi th  increase i n  temperature o v e r t  he range s tudied.  The per- 
centaze of oil remained near ly  the sane, while t h e  wax content 'inc'reased s l i g h t l y  
a t  t he  ,kigher tenperatures .  
i s  composed predominantly of sa tura ted  heterocycl ic  s t r u c t u r e s  and smaller amounts 
of s t ra ight-chain paraff ins ,  cyc l ic  p a r u f i n s ,  2nd a r o a a t i c  s t ruc tures .  mese 
conclusions agree rrith and supplement those reported e a r l i e r  (6,7) from oxidation 
s tudies .  

A t  constant .time of ex t rac t ion ,  t h e  pentane-insoluble 

I 

The composition of the  e x t r a c t s  ind ica ted  t h a t  kerogen 

In fomat ion  c0ncerrA.g the  cons t i tu t ion  of t h e  kerogen p r e s e c f i n  o i l  shale,  
th9 processes Ss. which it i s  degrad.ed t o  usefu l  products,  and t h e  composition of its 
degradation products i s  needed f o r  developing ne:r and more economical methods o f  
processicg this n a t u r a l  resource. 
t i o n  coccerning the nature  of kerogen and tine lon-temperature pyrolj-tic products 
obtained f ron  it. 

It  vi^^ the purpose o f  this study t o  obtain informa- 

I 

i 
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T:[aterials. .Qnina XF'21 grade, 60-299 nesh (.&xxk?a W q a q  or' -izerica), 
preheated a t  700" C. (1292" F.) f o r  b i o  hours before use. 

S i l i c a  ge l ,  ana ly t i ca l  grade, 2 e200 mesh (Emidson).  

Tetrakin,  C1$12, B. p.  (205'" - 208" e.), LIatheson, C o k . ~ ,  %xi ? e l l ,  coz- 
t a ined  0.94,< residue a f t e r  stea7. - d i s t i l l a t i o n .  
in absence of air, the pur i f i ed  te t rd l ! !  c o n t a i ~ d  an adn%.tio~21 0.05$ resi.2cs &ter  
stem d i s t i l l a t i o n .  

Jhen heated t o  350" ' C .  f o r  hcurs 

, @paratus. Reaction vessel, 2C00-mi. p r e s s m e  a.pparatcs (pa-r T;?strme>t . 
S e r i e s  500) ecpipped Ti5.th s t i r r i n g  mechanisn t o  stir contents o ? ~ ' m t e  ' 

: . .  . >  
of each 30 nxinutes o f  ex t rac t icn .  

. .  
Chomatograp:?ic columns, glass cc lums  having th ree  sectiolls  ( h i e r  s ec t ioz  

1.0 cm. x 85 cz., middle sec t ion  1.5 CE. x U m., and b ~ .  secfior, 3.5 cm. x 22 cn.), 
water-jacketed, and f i t t ed  viith adapter so 10 50 15 p.3.i.g. nitrogo-? prPss*ue  c o d a  
be applied t o  the column. 

O i l s h a l e  Sample. The o i l  sha le  -iras obtainscl from the Ghcgmy  zcne of L&-e 
Green 3 i v s r  formation a t  the ,meau o f  Eries & p e r i x e r h l  N k e  nizr -X.fle, C310.. 
The sanple contaiyed approxidmately 355 organic m t e r i a l  (28.52 o r g a i :  ca-bcn) 2nd 
assayed 66 gal lons  of oil p e r  ton  of s h l e  by t h e  rrodified-?ischer-xtcrt  fe thod (E). 
For use i n  this study the o i l  s b l e  was crushed and screened t o  psss a sie.ie or' 109 
neshes per inch.. 

Preparation of B t r a c t s .  Successive batches of 35'0 grezs or' oil s k 1 e  -;ere 
placed i n  the reac t ion  vesse l  w i th  810 ml. o f  t e t r a l i n  (2.3 i d .  t e t r d . i ?  ~ e r  g r a  of 
s'hale), 2nd each k t c h  'nas ex t r ac t ed  46 hours at 25' t o  350" C. 
ay t rac t ions  viere made using t e t r a l i n  as so lvent  f o r  ha t o  
24, 48, 96, and lL4 hours a t  350" C.) 
vias opened and the  contects removed. The sha le  residue -:;as centrifuged fmz tiii 
ex t r ac t  and solvent, then  ex t rac ted  xLth benzene xki.1 f r e e  or" t e t r d . i n  a.6 a o l c 3 e  
mater ia l .  %le siwle residue vas air-dried and re ta ined  f o r  m a l p i s .  ,%e t e t r a l i n  
and jenzene e x t r a c t s  were conbined and -then s t e a ? - & s t i l l e d  to r s o v e  tze scbrents. 
Af te r  removal of the t e t r a l i i i ,  t h e  ex t r ac t  was recovered fro= the ?;;ater -,has? b~ 
so lu t ion  i n  benzene. !.Lost of t h e  ?rater w a s  removed fror- the  benzene s o l ~ t L c n  or' 62s 
s o h b l e  e x t r a c t  'oy means of a separz tory  flimxi and the las t  t r ace  by azeotrcFic <is- 
t i l l a t i o n .  Benzene vas m o v e d  from t h e  e x t r a c t  .by atnospheric d i s t i l l a t i o n  and fke 
f i n a l  t r a c e s  by m6ng a t  80' C. under reduced pressure. 
under tnese conditions.) S y  t r e z t i n g  seve ra l  batches o f  o i l  shale a t  dill'erent 
teapera tures  i n  the  presence of t e t r a l i n  for  48 hcurs, the  f o l l m i c g  t o t a l  a o u n t s  of 
ex t r ac t s  mre obtained: 77 granls of ex t r ac t  at, 25" C., 13 gram a t  200" c., l.55 g z z s  
at 259" C., 165 grams a t  300" C., w.d 106 grams a t  350" C. 

par i son  of tkhe kerogen-to-ash r a t i o s  obtained before and a f t e r  the  o i l  shale :::as 

( 5 : o  s e r i e s  cl 
hcws  a% 2co" C. 

.After cooling to moil +,eper2ture,  the -;esse1 

. .  

(?11 ex t r ac t s  w r e  j r i e i  

\ 

The percentage of kerogen ex t r ac t ed  f ron  the  rai7 shale -,?as deteE2ned from ccc- 

. ext rac ted .  Foollo-zing i s  an expression o i  t i s  re la t ionship :  

Kerogen a f t e r  ex t rac t ion ,  5 + Kerogen before e.i;'raction, 
Ash a f t e r  ex t rac t ion ,  $ Ash before e-utraction, $ 

The percentage of kerogen m s  aeternined fron an ash and mineral CO analyses and equaled 100 minus the  SLQ of the ash  and n i n c r z l  CC2. T h i s  iiistnod CI 2 coxput ing 

t he  percentage of kerogen deco.wosed 178.3 based upon the  assm?tion t h a t  the  Ilimral 
po r t ion  o f  t ne  raw oil shale vas w a l t e r e d  by t he  t h e n a l  so lu t ion  t rea tnent .  
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The extractioi-s :;'ere %?.de a t  t h e  pressure  generated by t h e  solvent p lus  p p o -  
l;/tic gases t ha t  forxed a t  tine teii:perature of exbraction. 
93 p.s.i.g. a t  250" C.  t o  700 p.s.5.g. a t  350" C., z h i l e  co ld  pressures  rmged from 
LO p.s.i.g. f o r  the 250" C. es5rac t ion  t o  200 p.s.i.g. f o r  the  350' C. ex t r ac t ion  
(pyro ly t ic  gases). 

purpose of these  f r ac t iona t ions  -ias t o  ob ta in  mater ia l s  of sinrilar p rope r t i e s  f o r  
iurt icer analyses and study. 
zethc6 of f r ac t iona t ion  emplo3-d ';?as not e:zpected t o  s e p a ' e t e  ind i3 idua l  components. 

Hot pressures  ranged from 

?he dr ied  ex t r zc t s  were f r ac t iona ted  by a procedure ou t l ined  i n  figure 1. The 

%cause of t h e  c o q l e x  na ture  of  t he  material ,  the 

Fractior?ation of m r a c t s  In to  00 
,.c.teriai. Ten-grm 'oatcnos or' the crude e x t r a c t s  ve re  diesol7ed. i n  2. @ : 1 v o l m  

per?t~~e-F;isolv.ble mterial was xashed v i t h  a smal+-zqmntit;y of co ld  Fentane (0" C.) 
&-id then dr ied ,  xeighec,  and d e s i p a t e d  as pentane-insoluble mater22.1. The solu5le 

ps?.tine-soluble z a t e r i a l  v:ere placed on a prevretted c o l m  o f  alumina (25 : 1 weight 
??.ti0 of a lmina  to s m p l e )  and e lu t ed  :.rith pentane folloived by benzenenethanol 
rxixtures and acetone. 
of pentane, drled,  and weighed. The ma te r i a l  remaining.cn t h e  c o l m n  vas  removed 
Sy cenzene-r?.etha?ol &xtures znd acetone. 
s tz ipped  f r e e  of  solvent,  dried,  and weighed. Five-gram ba tches  of t he  o i l  2qd wax 
f r ac t ion  riere ciissolved i n  a 40 : 1 volume r a t i o  of methyl e t h y l  ketone (FiEK) to 
e x t r a c t  a?:! dla:;ed to s t aqd  at  -5" C. f o r  1 hour. 

t . i l l a t l o n  and tiie l a t te r  was dried and weighed. 

Fraction2tion of '%.xes. 

~ r- -- 
r..i. = L ~ O  or' pentane and a l loved  ~ A J  s tand  overnight a t  0" C. 2nd then f i l t e r e d .  

---. :..=Lerial ;ias s t r ipped  f r e e  of pentzqe, &Fed, and xeighed. Pive-grm batches of the 

The 

The pentane-ehted material ( o i l  p lus  xax) was s t r ipped  f r e e  

This m t e r i a l ,  r e f e r r e d .  t o  a s  res ins ,  :as 

Tie w a x  was f i l t e r e d  fmn the 
-solu.de material, dried,  and meighed. 'The m s  renoved from the  o i l  by dis- 

Urea adducts 'ire-- prepared by r eac t ing  each g r m  of wax 
:ci.th 2 1  31. of a s a tu ra t ed  so la t ion  of p e a  i n  met'mol. 
1.5 grams per graa  cf 7::u: p lus  6 o r  7 drops o f  Senzene was added. 
s ' i i r rcd a t  rcom t e q x r a t w s  f o r  t o  24 hours. The adduct and non-ad&uct Tiaxes 
m r e  separated by f i l t r a t i o n ;  the  f inal  t r a c e s  of non-adduct ma te r i a l  ?rere rerooved 
by -;ashing x i t h  100 01. each or" pentme and isooctane. me adduct. was then decom- 
posed v i t h  hot aater  w d ,  a f te r  cooling, m t r a c t e d  from the p?ater phase by e ther .  -'- 

The a d i ~ c t  -;iz< ~:as  f r e e d  from e ther ,  dried,  and aeigherl. The pentane-isooctane- ' 

msthailol so lu t ion  o l  the non-adduct vias f r eed  from urea  by Tiasking with yiater. The 
zcn-arlduct '.'EX vas f r e e d  of solvent by d i s t i l l a t i o n ,  dried,  ?.nd weighed. 

Excess urea  amounting t o  
mis r&ture cas 

?rzc t iona t ion  of oils. The o i l  -:.as f r ac t iona ted  by a method similar t o  t h a t  
z a y r t e d  by Llair e t  a l .  (3).  Four-gran batches of Ah o i l  f r a c t i o n  vere placed on 
2 prexe t ted  c o l u m  o f  s i l i c a  g e l  (25 : 1 Ti-eight r a t i o  o f  s i l i c a  g e l  t o  sample) and 
e l u t e 2  success ive ly  v i t h  isooctane, benzene, and 2-propanol. The three  f r ac t ions  
?;ere f r e e i  o f  solvent,  d r ied ,  and vieighed. The isooctane-eiuted material vras ca l l ed  
pa ra f f in  o i l ,  the benzene-eluted n a t e r i a l  was cd. l e d  aromatic oil, and the  2-pro- 
pafiol-eluted xake r i a l  vas ca l l ed  po la r  o i l .  The p a r a f f i n  o i l  vras furth.er f rac t ion-  
at.ed i n t o  paraf f in-o i l  adduct and pa ra f f in -o i l  non-adauct by t.he technique used f o r  
i-raaxes. 
co lum of a l m i n a  (25 : 1 :[eight r a t i o  of alumina to s-le) by using iso-octenes, 
benzene, and 2-propanol as e lu t ing  solvents.  Tie so lvent  was removed from each of 
the  f rac t ions ,  and the  o i l  was dr i ed  and neighed. 

The u l t imate  composition of t h e  cmde e x t r a c t s  and the 
variers-fractions gas  deternined b y  conventional methods of aqalysis: Carbon and 
!?y&-ogen 'irere de te rn ine2  by a conkustion t r a i n ,  n i t rogen  by Ii jeldahl digestion, 
sulrfur by i g n i t i o n  i n  a Pa r r  oxJXen bomb, and oxygen by d i f fe rence .  e n s i t i e s  rrere 

t i v e  )d.iccs ':?ere determined using the sodium D l i r e  ( 5 & 9  a) a d  t h e  mercury g l i n e  
(k36 4.1 arid 'Liere used t o  ca l .mla te  spec i f i c  dispersion f o r  t h e  aromatic f r ac t ions .  
:.:olecu a r  ve lghts  were determined by t he  r i se - in- 'wi l ing-poht  met'iod using benzene 

Ad&t.icnal -fractionation of t h e  aromatic o i l  was obtainec! on a prevretted 

T'nysical Proper t ies .  

deter,Tined using pycnometers a t  20" or a t  LC!O C. and convegticg ta d 9 8. Refrac- 

.~ 
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as the  solvent.  Infrared, u l t r a v i o l e t ,  a?d mass spec t ra ,  as ,;Jell a s  x-ray dif5rac- 
t ion ,  were used t o  charac te r ize  t h e  various f r ac t io r s .  

Chenical Proae,-ties. "he f r a c t i o n s  were oxidize:! 57 a metnod described by 
2obinson e t  al. (7)  mith an excess of a lka l ine  potassium pe-ma?ganaze a t  t k e  b o i l h g  
temperature of t he  so lu t ion  f o r  100 hours. Concentrazed hydriodic ac id  (70$) -;;as 
used to reduce the  =sin and pentane-insclcbls f r a c t i c n s  j-, a zethod described by 
Raudsepp ( 5 )  , i n  which the  f r e c t i o ~  plus 31 m s  sea led  i n  a g lass  tu= a a i  heated 2!i 
ho1-s a t  200" C.. Basic nitzogen xas detenr-ined f o r  t h e  r e s i n  and pentae- i?so luble  
f r ac t ions  by a nethod described by k a l  e t  a l .  (l), b ;7hic:l t o t a l  basic n i t rosen  
was determined by t i t r a t i o n  -{iith perchlor ic  ac id ,  ?leutral  ni'crogen c o i i ~ o ~ ? d s  xere  
d e t e - 4 n e d  as the  difference between tihe basic nitrogen and t:?e to ta l  nitrogen. 

Z ~ 3 ~ ~ ~ T A L  RESULTS AID DISCUSSIOX 

LPate of Product Formation. The emount of corxersior! of kerogen Cc &xd.a t icn  
products by t'hemsl soh i t ion  in t e t r a l b  )?as 6epezdefit upon t . ? ~  t m p e r a t w e  a,? t k a  
cf extraction. For ccns tan t  per iods  of e-xtraction of he bows, the  ccnversion of 
kerogen t o  degradatior. products ranged f ron  h& n t  25" C. t o  ah.?% a t  355' 3. 
( t ab le  1). 
of ex t rac t ion ,  the y i e ld  of  p rcducts  rsxged f r cn  8.e: f o r  !iB bcnrs t o  9.35 f o r  a h  
hoLrs of ex t rac t ion .  A congarable s e r i e s  or' ex+zactions ~t a constant te-:?erature 
of 350' C. shovied an increase  i n  ?ro&ct y i e ld  of 75.& f c r  2b hours of ex t rac t ion  
t o  94.5% f o r  a hours o f  ex t r ac t ion .  This shoved that mst o f  ?ne pro&i;;-t -;.-as ob- 
t a ined  during t h e  first p a r t  of the  extraction, 8s &@ of the  total ( f o r  hh k . c z s )  
vas obtained a f t e r  2L hsurs. ;In add i t iona l  lC$ nas fom.ed i z  a sx5seqw.n.5 2k-?.cvr 
pef iod  x i t h  t h e  f i n a l  10% r equ i r ing  96 more hews of e r t r a c t i o r .  
t h s t  at. loxer  tenperatures, xkere low :<el& o f  product -:iere o3taineS, i t  xzlC: 're 
i q o s s i b l e  i n  f i n i t e  time t o  o j t a i n  lo05 ccnversicn o f  kerogen t o  s322.5le Tro6zct.s. 
Landau and bbury  ( 2 )  shoved tiiat a s t ra i&t- l iEe  re1atiors:hip existe.', 'czkeeil t i xe  
of ex t r ac t ion  and. time of e x t r a c t k n  di-,ided by pecceEt.aze y i e l d  c? extra:: ~ 2 . 5  t.ha-t 
t h e  s lope  of the line showed the  Illtimate y i e l d  of ex t r ac t  ?,-hick could be abtai2ed 
f rm coal. 
o i l  sha l e  in this stuciy -xas 9.65 a t  200" C. an& IS@; at, 350" 3. 

37 m a i n t a i n i q  the  temperature constant a t  2C0" C. scd v a q i q  t h e  tirc 

Ti-& s . x ~ e s - 1 ~  -- 

Tne ca lcu la ted  ult+?at,e y i e l d  P o n  a sTXlar ?lot of data &tair& frox 

T.0I.Z 1. - Tetralin extractior,  o f  kerogen f r o g  raE shale 
- -  

Time of Tenperature 
ex t rac t ion ,  of ex t rac t ion ,  Kerogen 

hours "C. extracted,  ,% 

lr8 25 L.1; 
L8 200 8.6 

lll4 2co ? .? 
lr8 250 10.2 
lr8 300 28.7 
24 350 75.8 
lr8 350 8h.9 
96 350 57.9 u 350 9b.5 

The inf luence  of t enpera ture  on the convexion of k e r c g e n t o  s o l u b b  z t e r i a l  
i s  shonm i n  f igu re  2. A gradual increase  in y i e l d  of product pe r  degree r i s e  i n  
temperature was obtained from 2 5 O  t o  250" C., x?iile from 300" to 350" C .  a rap id  
increase  i n  j i e l d  per degree r i s o  i n  temperature was obtained. The b e &  in t he  
curve suggested. that a c b n g e  in t h e  themal so lu t ion  process took place a t  approx- 
imately 275" C. 
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Thcn?scr. and ??:en ( 9 )  1-eported a sixilar reiationshi,? a t  300" C. and sug- 
:estea -;kat t h e  reac t ion  k i a n g  p lace  belmi 3000 C. 'was t i e  desoqjti-on of macro- 
r?.ol~cul.c?s of 'rcercger. i n  .;ihich bond energies coEparable t o  van de r  i'iaals fo rces  
re're r1p"u;Jred. .Shore 329' C. o ther  secondary bonds were broken. S i n i l a r  reason- 
i n g  r;oilid inciicate t h a t  the coxposit ioc of the proaucts obtained belou 300' C. 

cf .ihe cmde e x t r a c i s  c'ut2ir.ed zit t h e  two t e q e r a t u r e  r2.2ges probably aculd he 
&iife?ezt. 

q!.'ou-ld L .. a n - -  L-er f r o n  those ol-t?Aned above 300" C. i i kex i se ,  tifie n o l e c d a r  Ee ights  

Fat2 presented l a t e r  i n  t M s  p q e r  only p a r t l y  confirm these f ind ings .  

F:,-rol:iclc Geses.  proximately 60s o f  the p,wolytic gas was hydrogen, sone -__I.--_--- 

cf :-rhich ::!ay have r e su l t ed  from the dehydrogenation of the t e t r a l i n  i x e d - a s  solvent. 
>&t 350" C .  approxirateljr  285 o,f the c q g e n  and 1?$ of the sK~fur  present  i n  kerogen 
r:as remvc?d as puvrolj%ic gases ( t a b l e  3 )  c o q a r e d  t o  about 3% of t h e  total carbon. 
7'iij.s suggested t h a t  a t  t h i s  temperature oxygenated g o u p s  such as carboxyl o r  o thers  
h:we do&Taded t o  C02 and Co, . i i i l i l e  sulfnr ~TOLIFS such 2 s  s u l f i d e s  o r  o thers  were 
degrzdcd t o  E$. 2;~ cont ras t ,  only 2. s n a l l  por t ion  of the kerogen was depaded  t o  



gases a t  25' t o  3CO" C.  2ased on the t c t a l  kwogen, approxinately 65 of  <?e kercgen 
??as deegraded t o  gases a t  350" C., 0.2$ a t  ?Oo" C., 2nd 0.9; a t  250° C. 
tha t ,  very l i t t l e  of the keroger, ?ras cracked t o  i'inal degradation products 2% j.30" C. 
and below, only a sinal1 23cunt of kerogen being co i l~e r t ed  to  ges e t  3s22' C. :Jso, 
there  ;pas no evidence of the fonnation of carbon residue a t  any t e q e r a t w s .  Jon- 
sequently, e x t r a c t s  prepa,-ed a t  these t e n p e r a t n e s  shculd contain nzqr of the st--isc- 
t i n e s  present  i n  the o r i g i n a l  kerogen. 

?:?is shoxs 

3. - Gases produced by degradation of oile k i l c g a  oi' kerogen 

Ces produced, noles  
ikgedac ion  tezperature ,  a,:. 

25 0 3CO 39 0 

Vet hane 
Ethane 
Propaqe 
n-butane plus i s o h t a n e  
n-Pentane plus isopentane 
Carbon dioxide 
Carbon monoxide 
Fa-drogen 
Xydrogen s u l t i d e  
Nitrogen 

Tota l  gas produced 

0 -003 0.095 .0.57? - - 0 353 
0.004 0.008 0 .*773 - - 0.020 - - 0.a7 
0.007 0 -913 0.537 
0.311 0.221 0 .a3 
0 .Ob0 o.oai 2.677 - - 3.365 - - 0.203 

0.065 0.123 h &6 

Product I)istribution. The percentage of pentme-inscluble na-terlsl ;zeser,t 3 
t h e  e x t r a c t s  i n c r e a s e d x i t h  i n c ~ a s o  i n  t e i i e r e t w e  of extractior? a t  253" tc. 350" C. 
( f i g .  5 ) ,  r ~ h i l s  the ;:T~;E content of  the ex t rac ts  incrsased at 330" acd 350' C., 
where t i n e  of extract ion was constant  a t  be kours. 
creased contizuously with increase  in  temperature over the temper&k,i.re rar.ge. 
content increased a t  200" C. a d  decreased slight&- a t  3 9 "  C. 
composition of the e x t r a c t s  was dependent u?on t h e  texqeret,L-e of e.rtracflon. 
mate compositions aqd molecular weights o f  these f r a c t i o n s  a re  shkm in t a j l e  k. 

I n  the s e r i e s  o f  t e s t s  st 350" C., wners m e  of ex t rac t ion  -*izS varied frcn 

On the o ther  hand, r e s i n s  increased f r c a  16 t o  295, o i l s  

3y ccnt.=ast, resin contsnts ds- 
Ci!. 

TMs shemd <?At +-e 
V l Z -  

24 t o  a b  hours, pentane-insoluble material decreased f r o a  43 to '21;; -xi%h iqcreasa 
in t i n e  of extract ion.  
from 27 to 37%, andwax from 7 t o  13%. This shorred t h a t  aFroxinatel; .  h a l f  o f  tie 
pentane-insoluble mater ia l  was degraded i n t o  o i l ,  - x u ,  and resins a t  :SO" C. ai'ter 
l& hours of extract ion.  

Const i tut ion of 7iaxes. The const4tut ion of tine w.x f rac t ions  produced 2 t  tke  
temperatures s tudied showed E x i t e d  var ia t ion .  
d o F h a n t l y  s t r a i g h t  c h i n  s t r u c t u r e s )  obtained f icm the 17ax tended t o  decrease ~ i i t h  
increase  i n  temperature of e x t r a c t i o n  a s  %ne 25" C. v rax  p o d w e d  725 wax adduct 
compared t o  51% f o r  the  350" C. wax (see tab le  5 ) .  
predoninantlp naphthenic. Mass spectra  shoried tha t  the straight-c!iaii  portion of 
"he y47a.xes tended to decrease i n  carbon chain length a s  the te,?rperature of extrac- 
t i o n  increase,  f o r  example: The average chain length was 30 f o r  the 25" C. viax 
adduct, 28 f o r  250'. C. wax adduct, and 25 f o r  350" C. v r a . ~  adduct. X-ray diffrac- 

. t i o n  showed t h a t  the non-adduct wax f rac t ions  had an average chain length l e s s  
than 16 carbon atoms. 
methyl groups per nolecule,  which i?dicz%ed. l i t t l e  o r  no brancbAng. 
pcr t ion  of the Wax contnined 1 t o  6 r ings i r i th  3 t o  b r i n g s  pre&*-ating. 

The percentege of adduct (?=e- 

Also, the non-add~ct  ;;.ax vas 

The piax adduct f rac t ions  contained an average of 2.9 to 2.b 
m e  cycl ic  

Trs 
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average molecular xe ignt  oi" t he  crude-xaz f r a c t i o n  (befor? f r ac t iona t ion  bj the 
formation of %-ea adriucts) rarged from 355 t c  LSO.and tended t o  decrease vriYn in- 
c rease  i n  telqerature of ex t r ac t ion  from 25" t o  350" C. 
t n e  unfractionated nax shmed ni?or va r i a t ions  2nd averaged 84.3% carbon, 13.85 
hydrogen, 1.0% oxygen (by difference), 0.2% nitrogen, and 0.25 sulfur. 

Zltixate c o q o s i t i o n  of 

T A 3 X  5 .  - Carbon d i s t r ib i l t i on  of mx f r ac t ions  

Percentage of Tcrtperature of Carbon-tFe cozposit ion 
ex t rac t ion ,  "C. % cy ! %  t o t a l  7ax 

, iaz (adduct ) i /  
25 9 9 1  71.5 

250 12 ae 5; .5 
350 12 ga 5c .5 

&x (non-aci&ct)A/ 
25 78 22 23 .k 

250 66 34 hb .ir 
35'0 78 22 lis -5 

- 1/ Detemiiied frorn mass spec t ra .  

Cons t i tu t ion  of C i l s .  

I n  general, the  percentage of pmsaffin o i l  non-adduct decreased *zith iz- 

The composition of ths. o i l  f r ac t ions  tended t o  jeccr-.. 
more a o n a t i c  and l e s s  p a r a f f i r i c  with , increase  i n  tecperature of ex t rac t ion  (see 
f i g .  6 ) .  
crease  in te rpera ture  of ex t rac t ion ,  t i e  a roaa t ic  axi polzr  o i l  f rac+ions  i x r i e s e d  
wi th  increase  i n  'teqerature, while the  p a r a f f i n  o i l  adduct remaiced nearly t-15 
same. 
pa ra f f in  o i l  non-adduct f r a c t i o n  by the n-d-!: mettod (lo) and f o r  ths ~ m ~ ? a t i c  o i l  
by the Xar t in  method (h )  . 
straight-chain and cyc l ic  paraff+s present  i n  the para f f in  o i l  adcuct.  
o f  these analyses are shorn i n  t a b l e  6 .  Eased on these  da ta  a?pro::b?ately 33;; OZ 
the 25" C. o i l  consisted of s t r a i g h t - c h i n  pa ra i f in s ,  ha,"; cycl ic  pamr*fins, 155 
aromatics, an6  35 polar o i l .  Tie 350" C. o i l  .--I . c r s  more z r o r z t i c  3s it contains? 
E$ st ra ight -cha in  paraffins, 265 cj-clic paraf f ins ,  365 a r o z t i c s ,  and 2@5 2dm 
o i l .  

U t i l i z ing  physical p rope r ty  &ta,  r i n g  analyses z e r e  detemined l o r  the 

8k.s~ spec t r a  Tere used t o  detep&.e tine a.m-;nt of 
T>-e r e s c i t s  

6. - FLng analysis and molecular ;:-eight of o i l  f r ac t ions  

Carbon- Terneratine of 

250 
300 

0 
1 

75 
58 

25 
h l  

hl5 
3L5 

~ I -  

35 0 3 h7 . , 50 370 

35 45 25 30 3 a  

350 8 1  12  7 355 

Aromatic o i l  (0-2-1)Ll 

25 0 46 37 1 7  . 290 

1 Dete-ed from mass spectra.  
Tf Deterniiied by n-d-5: nethod. I/ 3eternAied by !.:artin method. 

! 
I 

i 
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The percentaage.oi' a r o n a t i c  compoxnds i? t h e  350" C. oil nay be too  high because 
of extraneocs r2aterials t h z t  mere obtained from the t e t r a l i n  used a s  solvent.  , Based 
upon the  anoLmt of ex t rac t  produced and the amount of t e t r a l i n  res idue  obtained a t  
350" C., ap?ro:&!ately 0.7s or' the t o t a l  e x t r a c t  may have been 6er ived fron t h e  
t e t r a l i n .  
haTre cor;.e f rm t%s So'nce. 
assmed am0w.t of 55 (based on t o t a l  o i l )  of aromatic o i l  mhich my have 'been derived 
f r o 2  Kie solvent.  
s t ra ight-chain paraf f ins  , 275 cycl ic  paraff ins ,  33% a r o m t i c s ,  and 21% polar  o i l .  

Because of sins11 yielcis, a s  much as 5% of the  t o t a l  25" C. e-dract  may 
The composition of the $0" C. o i l  .iras corrected f o r  an  

3 t e r  tiiis correct ion tke 350' C .  o i l  contained q p r o x k k l y  19% 

The paraf f in-c i l  adchct f r a c t i o n  had an average of 2.6 t o  3.4 rings pzr  molecule, 
the paraf f in-o i l  nor.-adduct had 2.8 t o  5.1 r i n g s  per  molecule, and -&e aromatic oil 
e lu ted  i.;ith isooctenes hac! an average of 3.0 to 4.0 r i n g s  per  molecule. 
f r a c t i o n  represented 955 .of t i e  arornatic o i l . )  
e luted)  had an average of 22 carbon a t o m  per  molecde and a determined molecular 
veight  of 305. Ilass spec t ra  of this f r a c t i o n  showed t h a t  every hoolologous s e r i e s  

(The l a t t e r  
The a r o m t i c - o i l  f r a c t i o n  ( isooctene 

.T, ).;s pzcsent i n  percentages ranging from 10 t o  19%. 

The molecular weights o f -  the o i l  f r a c t i o n  before f rac t iona t ion  ranged from 
343 t o  375 2nd Sho-iTed no cor re la t ion  t o  temperature o f  extrazt.ion. 
elezent.al corposi t ion of the o i l  f r a c t i o n s  shoxed very l i t t l e  v z r i a t i o n  and averaged 
GO.% carbon, l2.0$ hydrogen, 0.55: o.xygen, 0.2% nitrogen, and O.& sulfur. 

L3cewise, the 

r\, 

Const i tut ion of Resins. Signnlficailt d i f ferences in the elemental  c o q o s i t i o n  
of Ene r e s i n  Tractions were Zound ( f ig .  7 ) .  
f.;r cor.t,ents of the r e s i n  f r a c t i o n s  &crease a i t h  increase in t a p e r a b e  of extrac- 
tion. 
reache6 a rnaxirrum a t  330" C., and decreased very  rapidly a t  350" C. 
r+.d dcgradr,tion or" owgenated struct.iires occurred betzieen 390" and 350" C., prob- 
ably res;llting i n  the  fornat ion of 3 and CC2. Yydrogen-to-carbo= r a t i o s  graactually 
decreased over the t e x p r a t u r e  range ind icn t lng  the presence o f  an 
goziatsd n a t e r i a l ,  x!ule s u l f u r  contents tended t o  decrs-ase only at the  higher temper- 
atur-s . 
ture w e r  t h e  texyr2t.a-e range. 
s t r u c t u r s s  present  i n  resins are reac?ily made s o h b l e  and are e s s i l y  degraded fur- 
%!-is- t o  C92, CO, and perhaps -&?.ter. ( 2 )  Kitrogen s t r u c t u r e s  present  i n  r e s i n s  a r e  
d i f f icv . l t  t o  gake soluble and are  qui te  s t a b l e  t o  f u r t h e r  degradation. LFrom bond 
energies it appeas t h a t  kerogen contains more C=W s t r u c t u r e s ,  which have higher - 

bonding erergies ,  tna? C-I1 s t ruc tures .  ( 3 )  Loss of hydrogen from t h e  resins  at 
a l l  t e q e r a t u r e s  ind ica ted  tha t  e a s i l y  dehydrogenated s t r u c t u r e s  such as p&ly 
unssturated cycl ic  s t ruc tures ,  isoprenoid, s t e r o i d ,  o r  simikr s t F j c t u r e s  are 
present in kerogen. 
of sons unstable s u l f u r  collrpmnds. 

I n  general, oxygen, hj-clzcgen, and sul- 

The o-xyges content of -2% r e s i n s  decreased a t  t n q e r a t u r e s  f r o m  2.5O t o  200" C., 
This showed t h a t  

dehydro- 

Zr contras,t, nitrogen-to-carbon ratios i x r e a s e d  vrith increase  i? t e q e r a -  
These r e s u l t s  sL?ggested the follor.ring: (1) Oxygen 

(4) bxs o f  sulfur a t  300" and 350" C. ind ica ted  the presence 

The nolecu$r m i g h t s  of the resiii f r a c t i o n s  ranged from 570 t o  650 and &a 
not appe2.r t o  be r e l a t e d  to "he teinperat'ure of extraction. 

The r e s b  f r a c t i o n  obtained from the  350". C. e x t r a c t  m s  su3jected '  t o  oxidat ion 
by ai aqueous s o l u t i c n  of a lka l ine  potassium p e r z a g a n a t e  and approximately 755 of 
tkne r e s i n  vas  unoxidized. 
ShoTied t h a t  71% of the o i l  r m a i n e d  unoxiddized, also, comparable ratios .of Q ~ C L  t o  
carbon ';:ere consuned i n  both t e s t s .  
o f  s t ruc tures ,  -&Ach are r e s i s t a t  t o  oxidation, axe present  ?in t h e  r e s i m  as are 
present  i r  the o i l s .  Tne r e s i n  contained 3.0% nitrogen, however, tMs did not  
a l t e r  the oxidat ion a p r e c i a b l y  f r c n  t h a t  of the o i l  i h i c h  contained only 0.4% 
nit.rogen. 

Camparable t e s t s  on the o i l  f r a c t i o n  from tNs e x t r a c t  

T b i s  shoi'rs t h a t  approeimately the  sane anount 

This sugeested the presence of cyc l ic  ni t rogen s t r u c t u r e s  which miy be stab?.... to Zci:r.O~ o-xidation. . .  
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The 3.50" c. r e s i n  f r a c t i o n  ?.as su5jected t o  reduction ';y hydriodic acid; 
a p r r o x i n a t e b  385 of the r e s i n  i7as redwed t3 o i l ,  2; t o  Xia;c, 2nd &$ r e r d n s d  
mchmlged. This indkated t n a t  a 9 r o x i n ; t e l y  of tbx? r e s i n  had s t r x t u r e s  
similar to t h a t  gresent i o  t h e  oil a x i  mx fractions.  

Ix-yared spec t r a  of -b&.e r e s i n  f r ac t ions  i ~ d i c a t e d  the presence of  hpI.roirj.1 
and car'wr?yl =~oups m d  t h a t  t he  anomt  o f  hjdroxyl po:ips tezdod to i?crC_asz xith 
increase  in tem.prat;rre of ex t rac t ian .  
o r  more metb5-lene groups appeared to be Tie&< vMch s:".u.i-ed the presezcs of o n i j  
small mrsmts of la rge  s i d e  chains.  
groups, appeared to be p re sen t  in  the extracts prepared a t  higher tmyera tu res .  

Bssic .nitrogen determinations on the  resi.. f r ac t ions  s h o x d  tinat th? ra t io  

The band i r1d ica t l3~  t n s  presecce 05 f m r  

C a r b o x r l  p o z p s ,  i n  addi t ion  t o  ?jdroqyl 

of bas ic  x i t rogen  t o  t o t a l  rxitrogen range6 frm. 0.u f o r  the  25' C. rssL?,?z t o  
0.3b f o r  the 350" C. r e s ins .  
tended 'ca increase  wi th  increase  i n  tenperature of extractior,  Arid rey-esentsd ??on 
56 t o  &sf of the t o t a l  nitrogen. 

Thus, the  neu t r a l  nztrogen ?resent  i n  the resin2 

Ccns t i tu t ion  of Pentme-insoluble ?:aterial. 
i ?so lubh  f r ac t ions  ( f ig .  3) shwred trends s%.xil=s to tiioss o f  t i e  r e s i n  fr-actiom. 
In gmera l ,  o -msn,  hydrogen, and sillfur contwits decreased -zit25 increase  i n  
t e q e r a t i u e  of ext-action, ni-i le nitrogen conten ts  L ~ c r e a s e d  Tlt5 te-rature of 
e-xtraction. 
f o r  the  pentane- i~solu3le  ma te r i a l  a s  mere Fade f o r  thr- rnsi? f r ac t ions  i.? the ??e- 
ceding sec t ion .  There vas, hor.rever, one diffwence i n  t k z t  t he  l o s s  o f  o q z e n  
from tihe pe3tan.e-insoluble n a t e r i a l  occurred 'zetzeen 200" t o  350" C. coiqared t3 
300" t a  350" c. for  t he  r e s i n  f r a c t i o n .  
oG3ena';ed. s t ruc tu res  present  i n  t h e  txo  ,naterials.  .Ilso, L5e pentme-L.solu3ls 
material produced a t  d g h e r  t e q e r a t u r e s  mpeared t o  costaTb l e s s  hydrogen and 
more n i t rogen  than  the  res ins .  The nolecular 'xeights of Che penLdce-3solu51e 
naterial  ranged from 1210 t o  1320 and sho:tied no re la t ior i sh ip  +a tec?eratu--e o f  
extractim . 

The c o z p s i t i c n  of  tke ? e r t a e -  

The sane general  conclusions concerning he tero  s t l u c t u x a  ca?? be  raie 

This suggested d i f fe recces  ii t k e  type of 

Oxidation of the 350" C. pentane-iiisoluble mater ie l  in a mimer s i iS l a r  to 
t h a t  used f o r  r e s ins  s'coxed th2t 25$ of *As f r a c t i c n  mas r e s i s t a n t  t o  ox i ta t ion  
compared t o  70 t o  90% f o r  r e s ins ,  o i l s , ' a n d  waxes and only 55 f c r  kercgen. T?Ls 
showed t h a t  t h e  pentme-imoluble  f r zz t ion  contaized less s t r u c t w e s  -:~%ch :;ere 
r e s i s t a n t  t o  o-xidation than the oil, 17ax, o r  resin f r a c t i o x .  of the 
pentzne-insoluble naterial was oxidized to non-volatile non-oxalic % i d  covxred  
t o  1% f o r  kerogen, f o r  resii is ,  17% f o r  o i l ,  md. 0% f c r  ?faxes. TPAs suggested 
the  presencs of benzenoid ac ids  that nay  have been &rived f ron  'benzenoic! stxxc- 
tiures p resen t  i n  &!e pentane--hsoluXe na te r i a l .  Tbse s t m c t u r e s  probably ;:ere 
not i n  the kerogen as such but -gem formed during *.e them-a1 so lu t ion  by &hydro- 
genation of p a r t l y  unsaturated cyc l ic  s t ruc tu res  present  in kerogen. 

the pentane-insoluble material. Approximately 25$ of the ma te r i a l  ms r e d x e d  t o  
oil, wax, and resins and 75% remlained unchanged. 
pentane-ksoluble ma te r i a l  contained approximately 255 s t ruc tu res  s h i l a r  t o  o i l s ,  
mxes, and resins. 

Infr2red spec t ra  of t h e  pentane-insoluble Q a c t i o n  ind ica ted  the presence of 

Laout 

A comparable reduction t e s t  t o  t h a t  used f o r t h e  r e s i n  f r a c t i o n  ims inade on 

These da'ta shcxed that the  

hy&oxyl, carboxyl, and aromatic groups. 
c y c l i c  bu t  nay contain considerable chain branching and subs t i t u t ion  at  the higher 
tenperatures of ex t rac t ion .  

the  r a t i o  of bas ic  n i t rogen  t o  total n i t rogen  ranged from 0.29 t o  0.34 and aas n o t  
r e l a t e d  t o  the  temperature of ex t rac t ion .  

The s t r u c t u r e  appeared t o  be predoni7antly 

Basic ni t rogen  de tern ina t ions  on-the pm-tane-insoluble f r ac t ions  shomd that 

Therefore, the  amount of neu t r a l  nitrogen 
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rmged  froin Sh t o  72s of t!!e t o t a l  n i t rogen  and was s l i g h t l y  h igher  than t h a t  
present  in the  resir. f r ac t ions .  

SE,EARY iSI.TD cohJcLusIo~~?s 
Based upon the  neight-percent of t o t a l  e-xtract obtained a t  constant p e r i o b  

of a t r a c t i o n  tine, the  anount of -;ia and pentane-insoluble ma te r i a l  increased with 
increase  i n  temperature of ex t rac t ion ,  t h e  percentage of r e s i q s  decreased vttth k- 
crease i n  tenperaimre, a d  the ? e x e n t a g s  of o i l  r e m i c e d  ne2r ly  the saw. 

. ccns t in t  teinperatxTe of ex t rac t ion  (350" C:), the  percentage of pentans-insoluble 
.' n a t e r i a l  decreased wi th  b c r e a s e  in time of extractionz,.q.d the  aercentage of o i l ,  

V ~ B ,  and r e s ins  increased wi th  increase  i n  the per iod  o f  ex t rac t ion .  

A t  

Tie e l ezen ta l  composition; of' the o i l  u l d  wax produced over the temperature 
r?.n,ce remaifled nea-1;; the  same. 
pentar?e-insoli.ole f r ac t ions  depended upon tenpera tc re  of extraction; halve-rer, no 
co r re l a t ion  was es tab l i shed  Setii-een the  composition of e x t r a c t s  and t h e  increased 
ra te  of cocversicn t.o degradation prodncts obtainec! a t  about 275" C. Oqrgen con- 
ten t  o f  the  r e s i n  m d  pmtane-i?soluble f r zc t ions  decreased r r i th  increase  i n  
te.?peratu-e of ext-actlcn and ind ica t ed  t h a t  o m e n  s t ruc tu res  present  i n  kerogen 
r r e  readily degrz.eed. i!itrogen content of the  r e s i n  2nd pentane-insoluble f rac-  
t i o m  imreasec! a i t h  inc reas s  Fn temperature of ex t r ac t ion  and ind ica t ed  t h a t  
n i t rogen  st .ructures present  i n  kerogen a r e  qu i t e  s t a b l e  and are not r e a d i l y  made 
scluble.  

;3y cont ras t ,  t h e  composition o f  the  r e s i n  and 

. 

Although d i f fe rences  were found in. the conposit ion o f  'the ex t r ac t  f rac-  
s, &the merage nolecular  m i g h t s  ai' the  o i l ,  nax, resjx, and pmtane-insoluble 
t i ons  ciid not change a p r e c i a . b l y  wi th  increase  i n  tempert?ture o f  ex t rac t ion .  

A t  350.' C. kerogen was degraded t o  approximately 10 t o  15% straight-chain 
~ z r z f f i ? ~  conta in i rg  25 t o  30 carbon a t o m ,  20 to. 25% naphthenic and 10 t o  ls$ 
nromatic stx-ctvzes having an average of 3 t o .  5 rings p e r  molecule, and bs t o  60% 
heteroc:rclic mi t e r i a l .  These mter ia ls  are probably representa t ive  of s t ruc tu res  
preser-t i n  t he  o r i g i n a l  kerogen and scggest that kerogen is  p-edoninactly a 
heterocyclic m t e r i a l  connected t o  o r  assclciat.ed v i t h  smaller amounts of hydro- 
cerbo:? i x t e r i a l  cons is t ing  of straight-chain,  cyc l ic  paraf f in ,  and aro;n;ltic 
groups. 

AC!O!GXLE,BXEV? 

The aEthors ii",sh t o  express t h e i r  apprec ia t ion  t o  C. L. Cook, D. G. Earnshaw, 
czoilald f o r  m s s ,  i r f r w e d ,  and u l t r a v i o l e t  spec t ra  analyses; t o  E. N. . A. 30'05 f o r  x-ray d i f f r a c t i o n  analyses;  and t o  J. 9. h n m ,  Jr. and . 

T. J .  Laman f o r  o ther  sna lyses  presented i n  t h i s  repor t .  
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/ 

Comercial  ref ining of coal tar is based on a primary separation 
involving either atmospheric o r  vacuum dis t i l l a t ion .  The tar is separated 
i n t o  a d i s t i l l a t e  f rac t ion  and a non-volatile pi tch fraction. 
molecular w e i g h t  character and thermal i n s t a b i l i t y  of most tars limits the 
mount of d i s t i l l a t e  from 50 to 6 6  of the r a w  tar. 
influenced the u t i l i za t ion  of tar t o  a considerable extent. 

The high 

Tbese factors  have 

Solvent refining o f  t a r  i s  of i n t e r e s t  as an alternate priuary 
fractionation method since it might overcone the oiajor l i n i t a t i o n s  of the 
d i s t i l l a t i o n  process. The temperatures required for solvcnt refining a re  
usuzlly considerably lower than the maxinun temperatures reached in d i s -  
t i l l a t i o n  and consequently less destructive t o  the  themal ly  sensi t ive tar 
conponents. In  acldition, separations based on chemical. s t ructure  can be 
effected degending on the choice of solvent. 

9 

L o w  tenperature coal tar i s  coqosed of an ex t remly  broad and 
conplex mixture of t a r  acids, nitrogen bases, sulfur  co!n>ounds, neutral  
hydrocarbons i n  various degrees of unsaturati%n o r  cyclization and hetem- 
cyclic structures.  
were possible by solvent refining. 

It w a s  therefore of i n t e r e s t  t o  determine what separations 

Tie resu l t s  of e a r l i e r  investigators on solvent ref ining of coal 
ng on the class  of solvent 

mpi  w i t h  polar solvents including 
tars can be divided in to  two categories d 
used. Extractions carried out by Sinnntt 
methanol, ethanol, pyridine, etc. ,  resulted i n  essent ia l ly  coaplete solu- 
b i l i t y  of the ta r .  Extraction of a with paraff‘n c hydrocarbons, pentane 
t o  decane, carr ied out by Jacobsen13f ar,d Meinde1t”f resul ted i n  the solution 
of 40 t o  60$ of the  tar .  There have been no studies reported on the ref ining 
of raw lo-d temperature coal tar with low boil ing paraff inic  hydrocarbons under 
presaure which would pelmit an evaluation of the important extraction var i -  
ables. 

Kuhn(5) exanlned the propane refining of a pentane extract  from 
high teinperature tar. 
t ract ion teaperatures of fro3 30 to 90°C yields of propam extract  varied 
from 5 t o  72$ of the pentane soluble tar.  
scn t ia l ly  indepnndent of t e q e r a t u r e  varying d i rec t ly  with the solvent ra t io .  
The separation effected by propme sppeared t o  be principal ly  on the basis  
of Eolecular weight. 
cozpounds concentrated i n  the propane reject .  

W e  extract  represented 385 of the raw tar. A t  ex- 

Tac yie ld  of extrzct  w a s  es-  

In addition, oqgen, nitrogen and s u l f u r  containing 
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I n  our investigation, a study was made of single-stage batch ex- 
t r ac t ion  of l o w  tenperatare coal tar vith paraffinic solvents fzom proGeae 
through hexane. 
tar  Cnctlons could be made Over a wide range of tempraturea snd which 
permitted precise material balances. 
solvent structure,  solvent r a t io  and extraction temperature has been cor- 
re la ted  vith the yield and composition of extract  and raffinate tars. 

An apparatas vas desimed i n  which extraction of tar o r  

The effect  of solvent molecular weight, 

The extraction apparatus consisted of' a 2-liter capacity Parr 
s t i r r e d  autoclave modified as shown i n  Figure 1. 
was equipped with a 1/4-inch s ta in less  steel valve and drain tube to pm- 
vide bottom withdrawal of the l iqu id  contents. 
ta be used as a pressure separatxry f u e l .  
was  employed in addition t o  the inner themocouple to  prevent excessive 
bomb surface temperature w h i c h  night polymerize the thermally sensit ive 
tar components. 
yi1s Frovided n i t h  a n ichmm heating elcnent. %is tube extenaed into a 
round bottomblask which served as the product receiver and f lash  still. 
A water-cooled condensing system followed by a dry i c e  t r ap  condensed the 
f l a sh  d i s t i l l e d  solvents. 
reactor f r o m  the t ransfer  bonb by nitrogen pressure. 
vo la t i l e  solvents vas measured by the wet test gas neter. 

ZP?e bottom of the bomb 

This pennittea the reactor 
An autoclave skin thernocouple 

To keep the viscous pitch f lu id  ami mobile, the  drain tube 

Propane, butane and pentane vere charged to the 
Recovery of the inom 

The autoclave w s s  charged -dth 250 to  600 gis of filtered Disco 
tar which contained 2.0$ moisture. 
f r e e  with a specific gravity a t  25/25OC of 1.100. The amount of solvent to 
be arlded w a s  computed, the recplred amount volumetrically measured, veighed 
aad ch i l led  to  -2OOC t o  minimize solvent loss io  t ransfer  to the opened 
autoclave. However, the more vo la t i l e  solvents, propane, butane and pentane, 
were charged to the assembled reactor quantitatively by weight difference 
from the nitrogen pressurized t ransfer  bomb. After the reactor vas sealed, 
the inner bomb temperature was brought t o  the desired l eve l  i n  approximately 
one hour and the temperature held constant during ag i ta t ion  f o r  15 minutes. 
Separation of the phases by gravity se t t l i ng  w a s  allowed for 1/2 hour. The 
lower phase (pitch or raf'finate phase) was drawn off through '&e heated 
drain tube and appeared as a frothy gelatinous mass. The interface w a s  
recognized when a sudden burs t  of gas was emitted f r c m  the drain tube due 
to the f lash  vaporization of the vo la t i l e  solvent-rich extract  phase. A t  
t h i s  time the gelatinous frothy nature of the draining l iqu id  disappeared. 
For collection of the ex t rac t  phase, the receiver vas replaced by a clean one 
and the extract  tar and flashed solvent collected separately. 
separation of solvent f r o m  the product was done by f rac t iona l  d i s t i l l a t i on .  
Propane and butane recovery vas measured by a wet test gas meter. Over& 
material  balances ranged f r o m  98 to 1001'p. 
higher in purity except pentane w h i c h  w a s  a commercial grade of 9 6  purity. 

%e tar volume was calculated as moisture- 

Further 

All solvents used vere 9% or 

DISCUSSION OF FZSULTS 

The y le ld  of ext rac t  tar is  dependent upon three factors, that 
If is, the  in t r in s i c  solvent properties, solvent r a t io  and temperature. 

the  temperature is maintained constant a t  100°C and extract  yield i s  plotted 
against  solvent ratio,  ex t rac t  y ie ld  increases w i t h  increased solvent boil ing 
point or carbon chain length as shown i n  Figure 2. 
of 2.5 n-butane yields 42k extract, n-pentane 57$ and hexane 7 6 .  

Thus at a solvent ra t io  



lhe branched chain solvents behave more l i k e  a lower molecular weight' 
s t ra ight  chain analogue, f o r  example, the yield of extract  using isopentane, 
falls between the yields ovserved f o r  a-butane and n-pentane. 
paraffin, 2,3-dimethyl butane, i n  a similar comparison yields  6& extract ,  a 
value between the yields  for n-hexane and n-pentane. 
points of the  solvents are plot ted against extract  yield at  a solvent r a t i o  
or 2.5, t h e  relationship i s  very nearly defined by a s t r a i g h t  l i n e  function. 

A t  a constant temperature of loO°C a solvent ratio greater than 

The branched 

Iphus, i f  the boiling 

2.5 has very l i t t l e  e f f e c t  upon yield.  
solvents boil ing above n-butane. When the hexane r a t i o  is decreased below 
2.5 the y i e ld  of extract  increases t o  @$ at  0.75 solvent volumes. 
the solvent r a t i o  fur ther  resu l t s  i n  slov and uncertain phase separations. 
i s  estimated tha t  cornplete so lubi l i ty  of the ta r ,  that is, the p l a i t  p i n t  i s  
attained a t  a solvent r a t i o  of 0.6. 
however, the p l a i t  point i s  somewhat lower and is estimated at a solvent r a t i o  
of 0.5. Lowering the butane or propane solvent r a t i o  below 2.5 resul ts  i n  a 
reverse e f f e c t  on yield i n  contrast  t o  that obtained w i t h  pentane and hexane. 
The yield o f  extract  using butane drops to 375 a t  a solvent r a t i o  of 1. 

This i s  par t icular ly  t rue  of the 

Decreasing 
It 

Pentane behaves i n  a s imilar  manner, 

The e f fec t  of temperature upon the yield of extract  tar obtained 

Thus a t  a solvent ratio of  2.5 
with hexane and butane is sumnarized i n  Figure 3. 
produces a considerable increase i n  field.  
the yield a t  100°C of n$ i s  increased t o  78$ at 150°C. 
parison exhibits the reverse e f fec t  vith temperature and gives lover yields  
a t  the h i&r  t eqe ra tu re .  
the yield a t  a solvent r a t i o  of 2.5 decreases from 44 t o  43%. A t  a solvent 
r a t i o  of 4.5 this decrease i n  yield vith increased temperature is  even more 
pronounced and drops f r o m  51 t o  44$. This decrease i n  yield w i t h  butane a t  
the higher temperature may be at t r ibuted to the  lov c r i t i c a l  temperature of 
butene (153°C) f o r  a t  150°C butane approaches the completely gaseous state. 
Hexane exhibits the more nomal l iqu id  solvent behavior because a t  150°C it 
is  below its c r i t i c a l  temperature of 235°C. 
of temperature as hexane. Similar results were obtained by lCuhnG7 on propane 
extraction of pentane extract  from high temperature tar. 
the yield of extract  w a s  di rec t ly  proportional to the solvent r a t i o  and 
essent ia l ly  independent of the temperature. 

The higher temperature 

Butane i n  com- 

By rais ing the temperature from 100°C to 150°C 

Pentane shows the s ef fec t  

Kuhn showed that 

The efficiency and se lec t iv i ty  of fractionation of the tar by 
the solvents w a s  measured by the a b i l i t y  of the solvent t o  produce an ex- 
t r a c t  of low asphdltene content. 
of the extract  t a r  saniple w h i c h  wa8 insoluble a t  25°C i n  120 volumes of 
petroleum ether,  which had a boi l ing range of 30-65"~. 
tained 24.8$ asphaltenes. l k e  asphaltene contamination of the t a r  extract  
f rzct ions Kith taperature, solvent, and solvent r a t i o  as  parameters was 
determined and i s  shown i n  Figure 4. Increase i n  extraction temperature 
shows tha t  a particular 'solvent became l e s s  select ive as indicated by the 
increased asphaltene contenination of the extract. For example, hexane a t  
l p ° C  shoirs an extract  tar asphaltene contamination of about 23dp and only 
18% et 100°C. A similar broad change i s  noticed w i t h  pentane and butane. 
me lover the boiling point of the solvent, the greater se lec t iv i ty  it ex- 
h ib i t sza t  a-*given temperature and solvent ra t io .  
the l e a s t  select ive and butane the most. 

Asphaltenes were measured as that fract ion 

The feed tar con- 

Thus, at loO°C, hexane is  



Increasing the solvent r a t i o  fran 1 to 2.5 produces the la rges t  
increase i n  se lec t iv i ty .  
results i n  a reduction i n  asphaltenes f m R  18 t o  E$. Pentane and butane 
show similar changes. 
change i n  the aolvent s e l ec t iv i ty  as indicated by the re la t ive ly  constant 
asphaltene values. 
as the solvent ratio is increased above 2.5. 

Increasing the hexane r a t io  frm 1 t o  2.5 at 1 0 0 ° C  

Increzsing the solvent r a t io  above 2.5 produces l i t t l e  

Ewever, a t  1w'C hexane se l ec t iv i ty  appears t o  increase 

Because of the economic v d u e  of low boiling tar acids in tar pia- 
cessing, it w a s  important t o  compare the solvents with respect t o  the i r  
a b i l i t y  t o  recover the t a r  acids boiling to 230'C. 
covery of tar acids boi l ing  to  230°C and the asphaltene carryover i n  the 
ex t rac t  was made lor propane, butane, pentane and h e m e  w t t h  the extraction 
temperature held constant at  l 0 O ' C  and the solvent r a t i o  of 2.5, E y r e  5. 
Recovery of tar acids boi l ing  to 23O'C increases with increased carbon chain 
length of the solvent. Thus, propane gives the lovest  recovery, 23$, erd 
hexane the highest, 6s. However, the higher boiling solvent shows a poorer 
s e l ec t iv i ty  by higher asphaltene canyover. 

A capar i son  of the re- 

, 

To determine if multi-stage extraction would increase the low 
boiling tar acid recovery, r e j ec t  p i tch  f r o m  the one-stage extrection xes 
contacted a second t i m e  with f resh  solvent. !Be extraction was carried out 
a t  100°C with pentane a t  a solvent r a t io  of 2.5, By this secocd extraction 
the t o t a l  recovery of tar ac ids  boiling to  230°C is  increased t o  78&. It 
i s  estimated tha t  5 stages are suf f ic ien t  t o  give recoveries be t t e r  than 955. 

Comparison of the ultimate analyses of extracts and pitches ob- 
tained a t  1 0 0 ° C  a t  a solvent r a t io  of 2.5 i n  Table I indicates th2t the core 
polar and hetero-atom compounds are preferentially rejected and concer.trated 
i n  the p i tch  phase. The concentration of nitrogen, oxygen er.d sulfur is-xuch 
lm-er i n  the extract. 
weight compounds a re  concentrated i n  the extrzct .  As the rcolecular vei&t of 
the solvent decreases, the  se l ec t iv i ty  for hydrogen r ich  cozponents increases 
as evidenced by the increase i n  hydrogen content of the extracts. The selec- 
t i v i t y  f o r  rejecting sulfur c o ~ o u n d s  is independent of solvent rcolecular 
weight. 

Compounds rich i n  hydrogen and the lower roleculer 

Comparison of sone of the properties of the extracts md re jec ts  
i n  Table I1 further shows the type of t a r  fractionation effected by the 
solvents. ?he extracts consist  of the lower gravity, the higher hydrogen 
carbon r a t io  and lower v iscos i ty  tar ccinponents, t ha t  is, the lover rooleclrler 
weight compounds. In  pzssing f r o m  propzne to  hexene, each successively 
higher boiling solvent i s  f rac t iona t ing  the tar a t  some higher mlecular  
wei&t cut point. 
viscosity and increased softening point of the r e j ec t  fraction. 

This i s  borne out by the progressively increasing ex t rac t  

A comparison of t h e  f r x t i o n a l  d i s t i l l a t i o n  analyses of t h e  ex- 
tracts shovn i n  Figure 6 inbicates that the solvents a re  frectionating tie 
t a r  not only with respect t o  functional group conponents but a l s o  Kith respect 
to molecular weight or d i s t i l l a t i o n  cut point. 
the solvent i s  increased, t h e  d i s t i l l a t i o q  (analysis) of t h e  extract  ap?rozchcs 
t h a t  of the feed tar. Thus, propane extract  contains the l e a s t  pitch (ijw'C) 
and hexane extract  the most. Since the amount o f  each d i s t i l l a t e  fraction 
boiling below the pitch f rac t ion  is greater than the corresponding feed tzr 
fraction, it is indicative tha t  solvent fractionation resembles fractional. 

As the carbon chain lezqth of 
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dieti l lat ion; however, the cut point correspond. to a hieer toaperature 
than obtoiaoble by conventional f ract ional  dieti l lat ion.  lEhis cut point 
varies w i t h  the in t r ins ic  solvent nature and iacreaaeo vith the increcued 
boiling point of the Porpmnlc solvent e@oyad. bu- a b i k  
a hlaer cut point vith respect to dieti l laMoa than g-e. -tam is 
hlgher than butane, aad the branches chrin eolvento bahave more l i ke  the 
lower molecular wei@t stralgbt chain analogues. 

1. An appantus y88 designed vhich peamittad extraction of a 
viscous tar wlth pareffinic hydrocarbon solvmts over 8 
peratares with accurate pboet separation0 and material biLrpceo. 

of taa- 

2. Solvant ratios higher than 2.5 did not appreciably inareme 

Propane and at-butane differed fmr tbe higher boillag solventa 
the field of extract or extraction selectivity Vith 8d.vents boiliog above 
n-butane. 
in that yield of extrrct VQB proportional to the eolvent and these s o l v a t e  
exhibited the highest eelectiri ty.  

3. Solvents boiling above n-butane shoved higbcr yielda but 
lmr  selectivity upon increulng the teqerature. 
tractions shoved very l i t t l e  effect  of tcaperature. 

t i l l a t ion  in that, the hl@er molecular ni@t, higher boiling campound. 
were preferentially separated a8 a reject N e .  

Bo& butane ex- 

4. Extraction of low temperature tar va8 comparable to die -  

5. The bpth of extraction, coagwrble to die t i l l a t ion  cut 
point, waa dependent upon the boiling point of the solvent w o y e d .  
higher the boiling point of the solvent the deeper YSI the c u t  point. 
depth of extraction obtainable by solvents was at a hi-r asAeculu mi@t 
level than possible by conventional dieti l lat ion.  

in a multi-etege extractor. 

Tha 
9ha 

6. rU@ recovery of low boiling tar auida obould be poraible 

. . . - . 
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INTRODUCTION 

Detailed analysis of low-temperature coal tar will lead t o  a clearer 
understanding of  the  chemical structure of the tar and thus help both i n  the study 
of t he  mechanism of carbonization and the  development of uses f o r  the  tar. 

As a part of a broad low-temperature coal tar characterization program, 
t h i s  paper presents the rasu l t s  of analysis of the aromatic hydrocarbons, boiling 
up t o  218OC., which a re  present in the neutral  o i l  portion of a low-temperature 
b i t d o u s  coal t a r .  

Previously only 28 aromatic hydrocarbons boiling between 80 - 2 l 8 O C .  
were found in low-temperature bituminous coal tars by m e a n s  of older analytical 
techniqueslt2,3d+. 
graphic andlysis of aromatic hydrocarbons i n  coal tar naphthas, and identified 
benzofuran, an unspecified methyl styrene and six other aromatic hydrocarbons 
boiling up t o  178OC. i n  two low-temperature coal tars; of these, only the me thy l  
styrene was  not previously reported. 

In 1956 Grant and Vaughan5 described the  gas-liquid chromato- 

In the  present work, gas-liquid chromatography, together k i th  other 
modern techniques, was used f o r  analysis, and 52 aromatic hydrocarbons boiling 
up t o  218%. were found i n  a low-temperature bituminous coal tar, and the i r  guan- 
t i t ies  deternined. 

A correlation was established between re la t ive  retention and boiling 
points f o r  some alkgl benzenes, whereby the identification of several  other aro- 
matic hydrocarbons w a s  made possible. 

Besides indans, benzofurans, and indenes, the aromatic hydrocarbons 
-identified a re  methylated, ethylated, o r  propylated benzenes. Up t o  the  present 
time, no butyl benzenes have been found i n  t h i s  particular tar. 

O f  t h e  52 compounds found, 27 had not been previously reported t o  be 
present in a low-temperature biturninow coal tar. 

Another phase of the  work concerning the  analysis of higher boiling aro- 
matic hydrocarbons such as biphenyls and allqlnaphthalenes, of which several have 
already been identified i n  t h i s  laboratory, is being completed and the results 
w i l l  be reported a t  a l a t e r  date. 



-26- 

~ A L w u A g l L N D F L m J L ! B  

I. preparation of Aromatic Eyttrocarbcm Concentrates from the Cod Tar  f o r  Gas- 
Uquid Chromatomphy 

Iso%%ion of neutral oil from tar distilLste 

The tar used in t h i s  work was made from a West Virginia, Pittsburgh-seam, 

The raw tar was de-ashed, dehydrated, and topped to about 175OC. a t  the 
high-volatile bituminous coal in a fluidized carbonization p i lo t  plant a t  about 
48(r-filO%. 
plant. Ihe tar distillate had been obtained in t h i s  laboratory under very mild 
temperature cenditions calculated to be equivalent to  about 350-360%. a t  atnos- 
pheric pressure with a *eld of 20.8 weight percent of the tar i n  the main d i s t i l -  
late and less than l percent collected in  a dry i ce  trap. 

according t o  the method of Fisher and E i sneJ  t o  remove tar acids and tar  bases. 
The neutral  o i l  thus obtained was washed three times with an equal volume of water. 
After passing it through a f i l t e r  made of three layers of f i l t e r  paper on a funnel, 
the oil was dried i n  a desiccator over anhydrous calcium chloride f o r  a week. 
About 2400 ml. (2180 g.) of 
distillate and 16.s by weight of the tar, was obtained. 

Fractional d i s t i l l a t i on  of the neutral  o i l  

About three liters (2660 g.) of t h  main d i s t i l l a t e  were  extracted 

neutral o i l ,  corresponding t o  82% by weight of the 

/- 

A 698 g. charge of the neutral  o i l  was fractionally d i s t i l l e d  in a Pcd- 
The colwim bielniak Hyper-Cal high-temperature automatic d i s t i l l a t i on  apparatus. 

w a s  8 mm. by 36 inches and was packed with HeU-Grid Packing. 
fo r  this d i s t i l l a t i on  vas a pot temperature o f  200°C. t o  avoid any significant 
thermal alterations. 
J3quivalent atmospheric boiling points were estimated from a standard nonograph. 

Sewmation of the neutral o i l  fractions in to  chemical trow by disuhcement 

'be end point chosen 

The results of this d i s t i l l a t i on  are given in Table I. 
. .  

ChromatOnraohg 

The s i l i c a  gel  adsorption method based on displacemfkt chromatographic 
techniques which have been applied t o  petroleum d i s t i l l a t e s7  and shale-oil 
naphthas8 was adapted f o r  separating the  aromatic hydrocarbons from saturates and 
unsaturates. 

The column chosen f o r  this wark consisted of an upper section 22 cm. long 
and 10 mm. I.D. and a lower section I38 cm. long and 3 m. I.D. 
was jacketed to provide water f o r  cooling or heating as re-. 

The ent i re  column 

The column w a s  packed with Davison Grade 950 s i l i c a  gel, 6C-2CO mesh, 
which had been freshly activated a t  16OOC. f o r  four Hours just before packing. 
About 26 g. of s U c a  ge l  were needed f o r  the column. A fresh batch of s i l i c a  gel  
was used f o r  each run. 

The sample was charged t o  the colnmn, using about 3 p.s.i.g. oxggen-free 
nitrogen pressure. The desorbents selected were two different alcohols, t h e  choice 
being made on 'the basis of the r e l a t ive  kinemtic viscosit ies of the sample and t he  
alcohol. An alcohol could be selected f o r  each fraction so tha t  its viscosity 
would be somevhat greater than t h a t  of the fraction. !be alcohols were also chosen 
for  desorbents on the  basis of miscibi l i ty  w i t h  the samples, and ease of removal 
from the 98st portions of the charge desorbed. After the sample was charged t o  the 
COlUnm, it was followad immediately by the desorbent with about 10 p.s.i.g. nitrogen 
pressure. 

- 

i: 

1 
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TABLE I 

FRACTICNA'ITON OF NEUTRAL O I I S  IN PODBIEJMAg STILL 

c&ge : 
698 g. 

Distill&: 360- = X.6% 
Residue : 338 g. = 48.4% 

'16.92 w t ,  % of the  tar  

k t i o n  
no 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

13 u 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
.28 
29 

Head tamp., 
m. 

94.0 - 101.4 
101.4 - 104.3 
104.3 - 109.0 
109.0 - 114.5 

134.2 - 137.3 
137.3 - 139.9 
139.9 - l4l.5 
m.5 - l4l.9 
Ul.9 - 3-45.9 
145.9 - u9.4 
U9.4 - 151.6 
151.6 - 153.5 
153.5 - 155.0 

155.0 
155.0 - 155.8 
155-8 - 157.8 
157.8 - 158.0 
158.0 - 159.9 
159.9 - 162.0 
162.0 - 163.0 

163 - 180 
180 - 190 
190 - 192 
192 - 198 
198 - 202 
202 - a0 
210 - 213 
2l.3 - 220 
220 - 225 
225 - 230 
230 - 233 
233 - 235 
235 - 236 
236 - 240 
240 - 243 
243 - 246 
246 - 248 
248 - 250 

250 
250 - 251 
251 - 253 
253 - 253 
253 - 254 
254 - 256 
256 - 260 

Weight, 
R. 

4.43 
3.94 
4.53 
9-81 
9.61 

25.95 
5 -29 

17-88 

U.80 
12.78 
18.36 
17.b 
14 -13 
u.54 
18.46 
18-84 
19.22 
20.57 
18.55 
6 -34 

18.46 
18.46 
18.07 
u.34 
u.53 

Tota l  360.00 
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The operating temperature chosen for  each sample depended on the melting 
points of the expected components i n  the fraction. If scme of them were crystal- 
l i n e  a t  room temperature, a temperature near the melting points of the components 
was  used, 

Fractions were obtained With an automatic fraction collector which 
counted drops photoelectrically and maintained the fractions in an atmosphere of 
oxygen-free nitrogen. 

The desorbent was removed by extracting with 80 t o  90% glycerine, and the glycerine 
w a s  then removed with several water washings. 
sample w a s  dried overnight Over anhydrous calcium chloride in  a partially evacuated 
desiccator. The refractive index was  obtained on each fraction, and by corcparing 
these values k5th l i t e r a tu re  values for pure hydrocarbons in  the boiling range of 
the charge, it was readily estimated where the paraffins and naphthenes, olefins, 
aromatics, and neutral oxygen, nitrogen and sulfur compounds were located among the 
fractions. With t h i s  technique, no sharp border l ines  could be expected between 
two adjacent types. However, it was found that overlapping occurred only in the 
very first and the very last fractions of any one type. 

Usually only the  very last fraction was contaminated by the desorbent. 

'he alcohol- and glycerine-free 

Since this paper covers the f i r s t  six distillate fractions, boiling from 
1 6 3 O  - 202%., the data on displacement chromatography for  only these fractions are 
given i n  Table II. About 17 drops pe r  displacement fraction were collected, except 
for t he  last one, which consisted of about 50 drops. 

II. Analysis of Ammatic Hydrocarbons by Gas-Liquid Chmatography 

Amaratus and operatim conditions 

of the recorder was 0-ll mill ivol ts  and the speed of the chart was 3.75 in./hr. 
The peak areas produced by components of the sample on the chron?atogram were 
measured with a planimeter. 

ing  f i l l e d  with appro-tely 5 0  g. of packing made of 25% Apiezon L grease on 
30-60 mesh fire brick. 
chamber of the  Fractometer. 

A Perkb-Xiuer Model154C Vapor Fractometer was used. The response range 

The column f o r  this work w a s  made from a 15 ft .  x $ in. O.D. copper tub- 

After packing, the column w a s  coiled t o  f i t  in to  the column 

The temperature chosen for the  analysis was 150%., approximately 10°C. 
below the lowest boiling fract ion and 50%. below the highest boiling fraction, 
Samples were  injected u i t h  10 o r  50 n-Lcroliter syringes. 
helium, admitted t o  the column at a pressure of I2 lb./in.2, corresponding t o  a 
f l o w  rate of 95 ml./min. 
bridge of the themconductivity detector was 8 volts and the most sensit ive range 
w a s  used. 
carr ier  gas pressure and the voltage of the bridge stayed constant. 

'he carr ier  gas was 

The out le t  pressure was atmospheric. 

Throughout the work, the temperature stayed within 2 0.1%. and the 

The voltage for  the 

The efficiency of the column under these conditions, referring t o  
n-propylbenzene and t o  1,2,3,5-tetramethylbenzene, was 3520 and 3885 theoretical 
plates, respecti ely, calculated by using the  equation9, No. of theoretical  
plates = 16(x/y)', where y = length of peak base l ine (as defined), and x = 
length from start of run to midd le  of base line section. 
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Samale c o l l e c t i w  sptem for pas-liquid c h r o m a t o ~ a p h ~  

The original fraction collecting system for the Perkin-ELmer instrument 
has a short length of 1/8 in. stainless-steel tubing l e a  from the detector c e l l  
t o  an external syringe needle adaptor that  has a 3-way s m g e  valve. 
intended fo r  attaching a short needle which can be inserted through a rubber serum 
bot t le  cap a t  the  bottom of a solvent-filled tube for  washing  effluent gas in order 
t o  collect  fractions. However, this type of collector was found to be unsatisfac- 
to ry  i n  most cases. 

This is  

A new fraction collecting system was devised, which would take advantage 
of the  existing needle adaptor. This involved heating the stainless-steel tubing 
e lec t r ica l ly  t o  prevent the fractions from condensing, and using 6 inch-18 gauge 
eyringe needles cooled with powdered d r y  i c e  as fraction collectors. Holders fo r  
gry i c e  powder were made from Y O  mm. lengths of 18 nun. O.D. glass tubing, which 
were wrapped with aluminum f o i l  and asbestos string, and plugged at one end with 
&2 mm. thick cork stoppers, each having a small hole i n  the center f o r  entry of the 
p e d e s .  To collect the  material producing a chromatogram peak, one of the  needles 
vas fastened t o  the upright needle adapter and one of t he  d r y  i ce  jackets w a s  
@lipped down over the needle, the  insulating cork plug resting on the hot needle 
hub. The jacket was carefully packed with dry i ce  powder and the  w a y  valve 
turned t o  admit effluent gas t o  the needle. 
oms removed, a Teflon plug inserted a t  the hub end and a l i t t le polyethylem tube 
slipped over the needle end, and placed i n  a dewar flask containing dry ice. The 
infrared spectrum of the sample was subseqent lg  obtained i n  a 0.05 m. or 0.1m.  
microcell for  identification of the coinponents. The infrared microcell was f i l led 
by inserting the needle t i p  inix the c e l l  and introducing a fraction of a drop of 
carbon disulfide into the needle hub. 
t o  wash out the  needle with about 3 ml. carbon disulfide, collect- the solution 
i n  a 1-d. beaker and carefully evaporating off solvent with a gentle strean of 
nitrogen unti l  about one drop of solution d e d .  
microcell by capillary action, us- the capillary tubing of t he  cell .  
red spectra were obtained with about l-mg. hydrocarbon, and, i n  particular, there 
was  no contamination from compounds producing adjacent peaks. 

After collecting a s q l e ,  the needle 

Howmer, in sone instances, it was necessary 

'Ihis w a s  then placed into the 
God infra- 

General apDroach for identification 

The retention times of 42 aromatic hydrocarbons boiling i n  the range of 
the neutral  oil s@es were obtained, fo r  the purpose of preliminafy identifica- 
t i on  of the  unknowns. 
aromatics, referred t o  n-propylbeneene, are shown i n  Table III. 
retention values can be considered t o  be e i ther  re la t ive  retention times or rela- 
tive retention volumes, 

The re la t ive  retentions a t  150%. and 2CQT. of the 42 
These relative 

The aromatic fractions obtained by displacement chromatography of the 
f i r s t  six d i s t i l l a t e  fractions were individually examined by gas-liquid chronatog- 
raphy under the  same conditions fo r  the  hown compounds. To confirm the  identifi-  
cation, the material producing each peak was collected fo r  infrared spectrophoto- 
metric analysis. 
present in the  fractions. 

Three methods were used to identify the  arvxnatic hydrocarbons 

I 

The first  method of identification consisted of a combination of conven- 
t iona l  gas-liquid chromatography and infrared spectrophotometry, The retention 
times of unknown peaks were conpared with those of known compounds fo r  a prelimi- 
nary identification. 
microcell for an infrared spectrum, as previously described. The confirmation of 
ident i ty  w a s  then made by comparing this spectrum with that of the known compound. 

The material producing each peak was then collected i n  a 
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TABLE 111 

LITmTuRE BOIUNG POINTS, RELATIVE RETENTIONS AND CAIJBRATION 
FACTORS (fc) OF' SQME AROMATIC HYDRCCARBONS 

Compound 

Nethylbenzene 
Ethylbenzene 
1,4-kethylbenzene 
1,3-Dimethylbenzene 
1,2-Dhethylbenzene 
Isopropylbenzene 
n-Propylbenzene 
1-Methyl-3-ethylbenzene 
1-Methyl-&-ethylbenzene 
1-Methyl-2-ethylbenzene 
1,3,FTrimethylbenzene 
1,2,4-Trimethylbenzene 
lJ2,3-Trimethylbenzene 
Indan 
Isobutylbenzene 
sec-Butylbenzene 
n-Butylbenzene 
l-Methyl-3-isopropylbenzene 
1-Xethyl-4-isopropylbenzene 
l-~~lethyl-2-isopropylbenzene 
1-Methyl-3-n-propylbenzene 
1-Methyl-4-n-propylbenzene 
1-Methyl-2-n-propylbenzene 
lJ-Diethylbenzene 
1,2-Diethylbenzene 
1,b-Diethylbenzene 
1,3-Dimet hyl-5-ethylbenzene 
1,2,4,+Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 
Indene 

Literature 
b.pe 2.3 
760 m. 

ll0.626 
136,186 
138.351 
139.104 
U.U 
152.392 
159.217 
161.305 
161.989 
1659153 
164-716 
169 a 3  51 
176 -084 
177 -82 
172.759 
173.305 
183.27 
175.l.4 
177 e 10 
178.15 
181.80 
183 -30 
184.80 
181.102 
183 -423 
183.752 
183.75 
196.80 
198.00 
182.44 

Relativeb 
retention 
(150%. 1 

0.36 
0-62 
0.67 
0.68 

0.77 
0.83 
1.00 
1-06 
1.09 
1.U 
1-19 
1038 
1.67 
1.82 
1-33 
1.34 
1.77 
1-39 
104.8 
1-58 
1.71 
1-76 

1062 
1.81 

1-90 

1-79 
1-82 
2-77 
2,87 
1.92 

fC 
(150% 0 IC 

1.02 
0.95 
00% 
1.00 
1.01 
1-02 
1.00 
1-01 
1.08 
1.06 
1.08 
1-03 
1.04 
1.65 
1.07 
1.08 
1.04. 

1-07 
1.04 
0-94 
1.03 
1.03 
1.07 
1.00 
1.06 
1.03 
1-09 
0.93 
1.06 
1.10 

b Relative 
retention 
(2oooc.) 

0.48 
0e64 

0.71 
0.70 

0.82 
0.86 
L O O  - 
1.06 
1-17 
1.13 
1.29 
1052 
1.69 
1.26 
1.27 
1.56 
1.27 
1-35 
1.42 
1.51 
1.58 
1.67 
1-45 

" 1.58 
1.59 
2.28 
2.33 ' 

1.80 

1.60 
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(Table 111 Continued) 

uterature Relativeb 
b.p. OC,, retention 

Cortvound 760 mm.a -(150°C.) 

1-Methylindene 
2-Nethylinde.ne 
l-Methyl-3, Wethylbenzene 
1,2,3,4-Tetrahydronaphthalene 
1,4-Diisopropylbenzene 
1,2-Diisopropglbenzene 
Benzofuran 
Naphthalene 
1,3, j-’Priethylbenzene 
Pentamethylbenzene 
p-~ethyhtyrene (trans) 
d -Methylstyrene 
1,44Dimethyl-2-ethylbenzene 
1,2-Dimethyl-4-ethylbenzene 
14fethylindan 
1,2-Dimethyl-3-ethylbenzene 
5-Methylindan 
l-Methyl-3,4-diethylbenzene 
4-Methylindan 
1,2,3,4-Tetramethylbenzene 
344ethylindene 

199 
208 

200.70 
207 57 
208.9 
209 
171.38 
217.96 
216.2 - -  

231.8 
178.26 
165.5 
186.91 
189.75 
190.6 

193 -9l 
202.0 
203.6 
205.5 
205.04 

205 

2.22 
3 -48 
2.68 
3 a 8 4  
3.26 
3.06 
1.3 5 
4.68 
3.87 
7.08 
1.64 
1.22 
2.0bd 
2.19 

2.50d 

3 .cod 
3.46d 
3 .& 
3.50d 

2.30d 

3-29 

*c 
_(15ooc. IC 
1.20 
1.15 
1.U 
2.05 
I - 
1.15 
1.U 

bhtiveb 
retention 
(X0”c.I 

1.98 
2.96 
2.w 
3 .l3 
2.49 
2. x 
1.33 
3.x 
1.13 
4.87 
1.47 
1.14 
1-73d 
1.89 
1-99 
2.06d 
2-69 

2.81d 
2.81d 

- 

2.82d 

A l l  values, except for benzofuran, from API Research Project 44, “Selected 
Values of Properties of H@vcarbons and Belated Compounds,“ Carnegie Institute 
of Technology, Pittsburgh, Pa. 
Gauger, e. &. Gas Assoc., 28 (1946) 492. 
D& volume corrected. 

Defined in eq. 1. 

The relative retentions of these compounds were detedned from tar components 
identified by I.R. 

a 

Benzofuran b.p. from J. N, Breston and A, kl. 
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Retention times could not, of course, be obtained fo r  those compounds fo r  
wfiich authentic specimens were not available. A second method of identification 
was used fo r  these compounds which involved the  correlation curves of relative 
retentions and boiling points shown in Fig. 2 and explained in de ta i l  in a l a t e r  
section. 
re la t ive  retentions by these correlation curves, and were used as a p-liminary 
means of identification. Since l i t e r a tu re  infrared spectra of a number of com- 
pounds were available, confirmation could be made in these instances. 

Boiling points of  the unknowns producing peaks were obtained f romthei r  

For a th i rd  group of compounds, neither the retention times nor the infraJ 
red spectra of authentic specimens were avzilable. However, from the correlation 
curves and the relative retentions of the unknown peaks, tentative identification 
could be made through the  boiling p i n t s .  
bands and molecular structures, these tentative iden t i t i e s  could be further 
substantiated. 

Also by correlating infrared absorption 

To i l l u s t r a t e  t h e  f irst  and second methods of identification, the chro- 
matogram of a t y p i c a l  fraction i s  shown in Fig. 1, and the boiling points o f  t h e  
components producing the peaks, as obtained from the correlation curves, are pre- 
sented i n  Table IV.  
boiling points. 
chromatogram w a s  produced by a 1 0 ~ 1 .  sample of an aromatic cut of n$o = 1.!31’&9 
from distillate fraction no. 5 in a boiling range of 192-198%. 

Excellent agreement is  shown between l i t e r a tu re  and predxted 
The peak numbers i n  Fig. 1 are  explained i n  Table IB. This 

TABLE N 

IDENTIFICATION OF COMPONENTS PRODUCING ELUTION PEBKS IN THE GIC 
OF AN AROMATIC CUT FRM DISTILTATE FRACTION NO. 5 

Relative B o i l i x  mint .  %. 
retention From 

Peak Relative 
no. retention - 
1 1  

2 1.69 
3 1.82 
4 1-89 
5 2.02 
6 2.16 
7 2.29 
8 2.46 
9 2.65 

10 2.79 
ll 2.86 
I2 3.00 
13 3-25 u 3.45 

C- d identified 

n-Propylbenzene (added 
standard) 

l-Methyl-3-n-propylbenzene 
1,3-Dimethyl-Fethylbenzene 
l-Methyl-2-n-propylbenzene 
1,4-Dimethyl-2-etfenzene 
1,2-Dimethyl-l+-ethylbenzene 
l-Methylindan 
1,2-Dimethyl-+ethylbenzene 
l-Methyl-3, !Xiethylbenzene 
1,2,4, >Tetramethylbenzene 
1,2,3, +Tetramethylbenzene 
l-Methyl-3,4-diethylbenzene 
SMethylindan 
&Methylindm 

of known 
comuound 

1 

1.71 
1.82 
1.90 
9 
3 
9 

9 
2.68 
2.77 
2.87 
3 
3 * 

Litera- 
ture 

159.2 

- 
181.8 
183.8 
184.8 
186.9 
189.8 
190.6 
193 9 
200.7 
196.8 
198.0 
203.6 
202.0 
205.5 

correlation 
curve 

159.2 

181.3 
183 5 
184.8 
186.9 
189.1 
191-0 
193.5 
200.7 
197 -3 
198.2 
204.2 
202-3 
204.3 

3 Authentic specimens not available for  determination of retention times. 



pig. 1. Chromatog& of an armatic cut obtained from 
dist i l late  fraction no. 5. 
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Peak l i s  produced by n-propylbenzene, the in te rna l  standard, added t o  
The components producing the  cut for quantitative estimation of the components, 

peaks 2, 3, 4,  9 ,  10 and ll were identified by conparing the retention t b s  Kith 
those of known compounds. 
were identified through t h e i r  boiling points, obtained from t h e i r  re la t ive  reten- 
t ion  and the correlation curves. To confirm t h e  ident i t ies ,  a 25pL-sample was 
used t o  produce enough material f o r  each major peak f o r  infrared spectrophotometric 
analysis. 
by the infrared spectra of the material producing the corresponding peaks in the  
chromatogram of an adjacent aramatic cut. 

"he components producing peaks 5, 6 ,  7, 8, 12, l3 and 14 

However, the minor ones, such as 4,  8, 9 and =, -were  be t te r  confirmed 

Table V i l l u s t r a t e s  the third method of identification. It is t o  be 
noted tha t  the  ident i t ies  of three compounds were further substantiated by con- 
sidering the infrared absorpti n bands and probable molecular structures according 
t o  the correlations of Bell&. Twp compounds were present i n  the last two dis- 
t i l l a t e  fractions (no. 5 and no. 6) i n  such small quantities t ha t  no satisfactory 
infrared spectra were obtained, Infrared spectra were obtained, however, fo r  the  
components producing a l l  the-significant chromatogram peaks. It was observed that 
only a few weak absorption bands were unaccounted fo r  by the contpounds identified. 
The re la t ive  in tens i t ies  of these bands were such tha t  these zmlmown components 
could hava been present i n  only trace amounts. 

CJuantitative estimation of aromatic hydrocarbons 

The internal standard method was adapted fo r  quantitative analysis of the  
samples, n-propylbenzene being selected as the standard. 
Rijndersll have demonstrated the use of an average calibration factor, fc, defined 
as follows, for calibrating areas and percentages for  a component, and an internal 
standard fo r  obtaining precise quantitative analysis of l i gh t  hydrocarbons: 

Keulemaas, Kwantes and 

where A, and 4 are  the areas for the in te rna l  standard and component in the  mix-  
ture, and Wc and Ws are the  weight percentages of the component and the standard, 

of aromatic hydrocarbons from the actual values in a certain range of concentra- 
tions, eight pure compounds, namely, l-methyl-3-ethylbenzene, 1,3, %trimethyl- 
benzene, indan, 1,34iethylbenzene, indene, 1,3-dimethyl-5-ethylbenzenes 1,2,395- 
tetramethylbenzene, and 1,2,3,4-tetrahydronaphth~~e, were used. Three solutions 
of each compound i n  different concentrations, about 15%, 30$, and 60% by weight, 
were prepared i n  n-propylbenzene. U s i n g  these 24 solutions, the  fc values were 
then calculated fromthe weight percentages and the  aeak areas produced by the corn 
ponents in t he i r  chmtograms.  It w a s  found t ha t  the average fc i n  the concen- 
t ra t ion  range of 1560% by weight had a maximum deviation of only about 2 3% f r o m  
the actual values, and the best resu l t s  were obtained a t  concentration ranges of 
30-60g. This is considered accurate enough for estimating t h e  amounts of aronatic 
components present i n  such a complex mixture as coal tar. The f valuw f o r  the 
r e s t  of the aromatic hydrocarbons were determined only once a t  1k.C. at a concen- 
t ra t ion  of 4040%. These fc values a re  shown i n  Table 111 and were used t o  deter- 
mine the weight percentages of all aromatic hydrocarbons i n  the  fractions. 
those compounds which were not available i n  this laboratory but found t o  be present 
in the sample, the fc  value of its isomers or of a structurally s i m i l a r  compound 
was used. 

In  order t o  investigate the deviation of the average calibration factors 

. 

For 

Two synthetic blends were analyzed by using these fc vduw and the  
resu l t s  are s h m  in Table VI. 
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TABLE Wi 

ANALPSIS OF SYNTHETIC BI;ENDS 

B l e n d .  Co-mnent 

A Isopropylbenzene 
n-Propylbenzene 
1,3,frTrimethylbenzene 
l-Kethyl-2-isopropylbenzene 
Indan 
Indene 
1,2,3,frTetramethylbenzene 

Total 

B n-hpylbenzene 
sec-Butylbenzene 
l-Xethyl-!+-isopropylbenzene 
1-Kethyl-3-n-propylbenzene 
1,3-tjime t hyl-+ethylbenzene 
1-Methylindene 

Total 

Relative 
retention 

0.82 
1.00 
1.29 
1.56 
1.82 
1.92 
2 -88 

1.00 
1.35 
1.48 
1.72 
1.84 
2 e23 

wt. % 
present 

10.28 
11.67 
12.93 
12.62 
19.07 
U.71 
18.72 

100 .oo 
u.64 
18.U 
15.23 
17.07 
u.37 
U.64 
100.00 

~ 

wt. %found - R u n 1  Run2 

10.31 10.47 10.77 

12.91 12.82 12.61 
12.u 12.16 12-54 
18.08 18.60 3.8.34 
15.03 15.05 U.67 
19.16 19.19 18.66 
9930 99.96 99.26 

~ 

- - -  - 

- - 
17.62 17&2 - 
Ui91 U.97 - 
16.97 17.09 - 
21.28 21.54 - 
13.54 3-3-76 - 
98-95 99.42 - 

For analyzing the components in the sample, a cer ta in  amount of the 
internal  standard, n-propylbenzene, roughly 15% by weight, w a s  added t o  each of the  
sanple fractions so that  the peak area of the standard w a s  approximately equal to 
that  of the major peaks. A new chromatogram of each fraction, after the addition 
of the standard, was then made. The percentage of each component was then calcu- 
lated by using equation (1). In  the  fei i  instances of unresolved components, con- 
ventional quantitative infrared analysis was used. 

The aromatic hydrocarbons found in the low-temperature bituminous coal 
t a r  aqd t h e i r  quantit ies a re  presented i n  Table V I I .  The values of wt. $ in neu- 
tral o i l  for  the highest boiling conponents are not entered, since it i s  expected 
t h a t  more of these compounds will be found in d i s t i l l a t e  fractions 7 and 8. - 

DISCUSSION 

Correlation betwEen relat ive retention m d  boiling points of allqlbenzenes ha- 
an e m a l  nuzber of carbon atom 

Desty and k h y m a n U  plotted the boiling points of a large number of low- 
boiling paraffinic hydrocarbons and a few aromatic hydrocarbons against the loga- 
r i t h m  of t he i r  re la t ive retention volumes for  two different  stationary phases, 
result ing i n  two almost s t ra ight  l i nes  f o r  each of t h e  solvents. 
cate  t h e  select ivi ty  of the two stationary phases fo r  these two different types of 
solutes and offer  help i n  choosing a suitable solvent f o r  the  separation of these 
two general types. However, no relationsMp between the  relat ive retentions and 
b o i l i n g  points of alkylbenzenes having an equal number of carbon atoms i n  the -1 
group has ever been expressed for  the purpose of identifying t h i s  t m e  of hydrc- 
carbon. 
number Of carbon atoms i n  the ale1 group were plotted agairlst t h e i r  boiling 
points, a s t ra ight  line resulted. Fig. 2 shows f ive  such l i nes  corresponding t o  
alkylbenzenss having 2, 3 ,  4, 5 ,  and 6 carbon atoms in the a l k ~ l  groups. 
interesting t o  see tha t  these l ines  are  paral le l  t o  each other. 
correlation a t  2oOoC. 

These plots indi- 

When the logarithm of re la t ive retention f o r  W l b e n z e n e s  with an equal 

It is  
There is a s- 



-38- 

Compounds identified 
b Methylbenzene 

Ethylbemeneb 

1,3- and 1,4-Dim&.hylbenzene 

1 2-Dimethylbenzene 
Isopropylbenzene b 

n-Propylbenzeneb 
b laethyl-3-ethylbenzene 

l-Y!thyl-l+-et hylbenzeneb 
b 1-Methyl-2-ethylbenzene 

1 ,2,3-Rimethylbenzeneb 

1,2 ,&-R-imethylbenzeneb 

1,3, 5-Trimethylbenzeneb 

l-Y!thyl-!+-isopropylbenzene 

l-Xethyl-3-isopropylbenzene 

l-Y~thyl-2-isopropylbenzene 

1,2-Diethylbenzene 

1,3-Diethylbenzene 

1,4-Diethylbenzeneb 

1 2-Dimethyl-4-ethylbenzeneb 

b 

b 

lJ4-Dimethyl-2-ethylbenzene 

Source Wt. % 
Of 1.R. in 

Method of spec- Total neutral 
Fractions identification trum wt.,g. o i la  

Rel. retention - 
Rel, retention - 
Bel. retention - 
Rel. retention - 
Bel. retention - 
Re1 . ret ention, I .R e d 

Rel.retention,I.R. e 

Bel .ret ention, I .R. e 

Rel.retention,I.R. e 

Rel.retention,I.B. e 

Rel.retention,I.R. e 

Rel.retention,I.R. e 

Rel.retention,I.R. d 

Rel.retention,I.R. d 

Rel.retention,I.R. d 

ReLretention,I.R. e 

Rel.retention,I .R. e 

Rel. retention - 
Rel. retention- e 
b.p. correlation, 
1.R. 

Rel. retention- e 
b.p, correlation, 
1.R. 

lC Trace 

2c Pace 

9c b c e  

2oc Trace 

79c Trace 

25Oc 0.002 

0.010 0.001 

0.0098 0.001 

0.0075 0.001 

0.3105 0.045 

0.2695 0.039 

0.118.4 0.017 

0.0596 0.009 

0.05ll 0.007 

0.0164 0.002 

0.0857 0.012 

0.1009 0,015 

0.0062 0.001 

1.8l.39 0.260 

0.7698 0.110 
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(Table V I I  Continued) 

Compounds identified Fractions 
b 

b 
1,3-Dimethyl-5-ethylbenzene 

l12-Dirnethyl-3-ethylbenzene 

1-Methyl-3-n-propylbenzene 

l-Fethyl-2-n-propylbenzene 

1,2,4, frTetramethylbenzene 

1,2,3,>Tetramethylbenaene 

1,2,3,4-Tetramethylbenzene 

b 

b 

Indeneb 

3-Methylindene 

Indanb 

l-Methylindan 

FMethylindan 

i; 4-Dimethyl-2-n-propylbenzene 

Source % 
of 1.R. in 

Method. of spec- Total neutral 
identification trum Wt..go oila 

Rel.retention,I.R. d 1.0872 0,156 

Rel. retention- e 0.5938 0.085 
b.p. correlation, 
I.B. 

Rel.retention,I.R. d 0.3W 0.046 

Re1.retentionJ.E. d 0.0753 0 . O U  

Rel.retention,I.R. d 1.1066 0.159 

Rel.retention,I.R. d 1.7690 0.253 

Rel. retention- e 0.8852 - 
b.p. correlation, 

Rel.retention,I.R, e -0.2331 0.033 

1.R. e 0.5378 - 
Rel.retention,I.R, d 0.3945 0.057 

Rel. retention- f 1.1265 O01a 
b.p. correlation, 

Rel. retention- f 1.4976 - 
b.p. correlation, 

1.R. 

1.R. 

IeR, 

Rel. retention- f 1,4988 - 
b.p. correlation, 
1.R. 

Rel. retention- - 0,0173 0.003 
b.p. correlation 

Rel. retention- - 0.1008 - 
b.p. correlation, 

correlation 
I .R,-StNCtWaI. 

Rel. retention- I 0 . u  - 
b.p. correlation, 
I.R.+itmCtural 
correlation 



Conmounds identified 

1 ,4 -Dime t~ l -2 - i sop~~y l -  

l-Methyl-3,5-diethylbenzene 

l-Methyl-2,4-diethylbenzene 

benzeneb 

Styrene 

4-Methylstyrene 

+ethylstyrene (trans) 

3-Phenyl-1-butene 

1,2,3,4-Tetrahydronaphthalene 

Naphthaleneb 

Benzofuranb 

5-14ethylbenzof wan 
64ethylbenzofuran 

2-Methylbenzofuran 
3-Methylbenzofuran 

7-Methylbenzofuran 
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(Table V I I  Continued) 

Source ?&. % 
of I.R. in 

Nethod of spec- 
identification t rm 

Rel. retention- - 
b.p. correlation 

R e 1  .retention, I .R. d 

Rel .  retention- - 
b.p. correlation, 

correlation 
I.R.-structurdL 

1.R- 5 

I.R. h 

ReLret ention,I.E, d 

12, B 

ReLretention, I .R. 3 

1.R. d 

Rel.retention,I.R. d 

I.R. 
1.R- 

I -Re 
I e R .  

2 
1.R. g 

T o t a l  neutral 
wt.,a. o i l a  

O.ll51 0.017 

0.2393 0.034 

0.6505 - 

0,0332 0.005 

0.0225 0.033 

0.1396 0.020 

0.1163 0.017 

0.3171 - 
0.0886 - 
0.0991 0.0’X 

O.l-432 0.021 

0.1681 0.024 

0.0785 0.Oll 

a 

f 

g 
h 

Total neutral  o i l  distilling up t o  about 36OoC., representing 16.92 w t .  p” of the 
t o t a l  tar. 
Previously identified by o t h e ~ - s ~ ’ ~ , ~ s ~ *  5. 
Ratio t o  methylbenzene. 
This laboratory. I 

American Petroleum Inst i tute ,  Researctf Project 44, infrared spectral  data, 
Carnegie Inst i tute  of Technology, Pittsburgh, Pa. 
Jacob Entel, Clarence H. Rouf, and H. C. Howard, Anal. Chem. a (1953) 1303. 
Samuel P. Sadtler & Son, hc. ,  Philadelphia, Pa. 
Courtesy of I$. F. Harmer, Monsanto Chemical Co., Texas City, Texas .  
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Fig. 2. Cofielation between relative retentions and boiling points of 
some aromtic hydrocarbons at 150°C. on Apiezon I, grease. 

Legend: 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
IJ. 
I2 
l3 
lk 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Ethylbenzene 
lJ+-Cimethylbenzene 
1,3-Dimethylbenzene 
1,2-Dimethylbenaene 
Isopropylbenzene 
n-Fropylbenzene 
14ethyl-3-ethylbenzene 
1-Eethyl-4-ethylbenzene 
1,3, FTrhethylbenzene 
1-Kethyl-2-ethylbenzene 
6 -Methylstyrene 
1,2,4-rrimethylbenzene 
1,2,3-Trimethylbenzene 
kdan 
Benzofuran 
/8 -Methylstyrene 
Indene 
Isobutylbenzene 
sec-Butylbenzene 
l-Methyl-3-isopropylbenzene 
l-l4ethyl-&-isopropylbenzene 
1-Kethyl-2-isopropylbenzene 
1,3-Diethylbenzene 
1-Kethyl-3-n-propylbenzene 

25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 

l-Kethyl-4-n-propylbenzene 
n-But ylbenzene 
l,l+-Diethylbenzene 
1,2-Diethylbenzene 
1,3-Dimethyl-5-ethylbenzene 
laethyl-2-n-propylbenzene 
1,4-Dimethyl-2-ethylbenzene 
1,2-Dimethyl-4-ethylbenzene 
laethylindan 
1,2-Dimethyl-3-ethylbenzene 
1,2,4,5-Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 
FMethylindan 
4-PIethylindan 
1,2,3,4-Tetramethylbenzene 
1,2,3,4-Tetrahydmnaphthdlene 
1,3-Diethyl-5-methylbenzene 
2-Methylindene 
Naphthalene 
Pent amethylbenz ene 
1,2-Diisopropylbenzene 
1,4-Diisopropylbenzene 
1,3,FTriethylbenzene 
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Indans and t e t r a l ln ,  wbich have a benzene nucleus and a fused saturated 
ring, fall closely on the correlation c m e s  for aUqr1benzenes with the correspond- 
ing number of carbon a tom in the -1 gmup and, therefore, are included in these 
series.  Indenes, styrenes, and naphthalene which have a double bond i n  the *side 
chain," however, do not follow the  correspending curves and appear t o  have a dif- 
ferent pattern. From the limited data obtained a t  present, no correlation can be 
formd for these types. 

These correlation curves can be expressed by the  following empirical 
equation: 

Log va = "5 - c 

where Va = relative retoention of au a l k y l  benzene, 
TB = n o d  boiling point of the compound, OC., 
rn = slope, 
c = Y - intercept at any temperature; 0%. arb i t ra r i ly  selected. 

The slope for  the s e t  of f ive  alkylbenzene series a t  150%. on a sta- 
tionary phase of Apiezon L grease is 0.0135, and t h e i r  intercepts on the ver t ica l  
&s at O°C. are 2.0496, 2.l.442, 2.2154, 2.2760, and 2.3215 for Wlbenzenes  v i t n  
2, 3, 4, 5, and 6 carbon atoms i n  the a w l  group. The values of the intercept c 
are, of course, a measure of the separation of the five para l le l  l ines from each 
other. 

* 

The intercept c i n  eq. 2 can be correlated with the number of carbon 
atoms in the alkyl group, Np, as shown i n  Fig. 3. This can be expressed as follows: 

(3 1 Log % = a log  c - b 

where Nc = number of carbon atoms i n  t h e  dkyl group, 
a = slope, 
b = intercept. 

For the  curve shown in Fig. 3, a = 8.78 and b = 2.431. 

From eq. 3, it is possible t o  generate a family of re la t ive  retention- 
boiling point curves when only one i s  known. 

The relationship between re la t ive  retentions and boiling points of &l- 
benzenes w a s  found t o  be v e q  useful for characterization, For example, peak 6 in 
the  chromatogram shown in Fig. 1 has a relative retention of 2.16. By checking the 
curves in Fig. 2, it w a s  readily determined tha t  the  boiling point of t h i s  unknown 
in  a d i s t i l l a t e  fraction boiling a t  about 192-198OC. should be l89.3OC. i f  it i s  an 
alkylbenzene having four carbons in the alkyl group or 193.8%. i f  it has an alkyl 
group of f ive  carbon atoms. 
l-methyl->isobutyl- and l-methyl-3-sec-butylbenzene both boil at  194%. 
infrared spectrum of the  collected material producing this peak agreed veqr well 
Kith tha t  of 1,2-di~ethyl-&ethylbenene. 

Calibration factor (fc) and tme of aromatic hydrocarbon 

tha t  t he  molecular structure of the compounds plays an important role i n  detennin- 
k g  the value of this factor, while within each type the variation in value is rela- 
t i ve lg  small, Referring t o  Table 111, f o r  a l l  alkylbeazenes the values are from 

1,2-Dimethyld+-ethylbenzene boils a t  189.79%. and 
The 

An examination of the calibration factor, f,-, data in Table III disclosed 
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0 2 8  0.30 032 0.34 a36 a38 

L O G L R l P H l I  OF  I N T E R C E P T  C. A T  O'C # 

Fig. 3. Correlation between number of carbon atoms i n  t h e  
alkyl group, Nc, and intercept C a t  0%. 
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0.93-1.10 with an average of nearly 1.0; f o r  indenes, styrenes, and naphthalene, 
l.l5, lel, and 1.a; and for  Man and te t ra l in ,  1.65 aad 2.05. Considering the 
benzene nucleus as a common structural  center for  all compounds, the  alkylbenzenes 
are obviously in one group; styrenes, indenes, and naphtwene, which a l l  have 
unsaturation in the other part of the molecule, form another group; inclan and 
te t ra l in ,  with the non-benzene part being saturated and cyclic, are different from 
the other two groups, 
t o  the number of carbon atoms in the saturated cyclic part of the molecule. It is 
interesting t o  note that benzofuran, having an unsaturated part i n  addition t o  the 
benzene nucleus, has a value of 1.15, quite similar t o  that of the second group 
although it contains an oxygen atom. 

The difference between indm and t e t r a l i n  is probably due 

Based on this observation about the fc values and structures, f C  values 
for  some hydrocarbons which were not available m this laboratory were assumed to  
be e@ t o  those of e i ther  t h e i r  isomers or of s t r u c t u r w  s imi la r  conpounds. 
Thus, fc, 1.09, f o r  1 , 3 ~ e t h y l - 5 . e t h y l b e n z ~ e  was used for estimation of all 
dimethylethyl benzenes; 1.U f o r  l-methyl-3,fi-diethylbenzene for  a l l  netnyldiethyl 
benzenes; 1.65 of indan for  a l l  methyl indans; 1.15 of benzofuran for  all methyl 
benzofurans, and 1.00, an average value f o r  1,2,4,5- and 1,2,3,Ftetramethyl- 
benzene, f o r  1,2,3,4-t etramethylbenzene . 
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Utilization of Tar  from Low -Temperature Carbonization of Coal.  
E. W .  Lang and J. C. Lacey, Jr. 

Southern Research Institute 
Birmingham, Alabama 

Recently-developed processes  for fluidized low -temperature carbonization 
of coal promise to make available a large amount of low-cost t a r  in the near future. 
Because of the simplicity and relatively low cost of these processes,  the power 
utility industry is seriously considering low - temperature carbonization a s  a means 
of reducing the cost of the solid fuels used. 
could produce, through low-temperature carbonization of i t s  coal, approximately 
50,000,000 gallons of t a r  per  year.  The profitable disposition of the t a r  has been 
the major obstacle to commercialization of low -temperature carbonization of coal 
for several  decades. 
i t  is quite different from coke-oven t a r  in physical and chemical properties and 
because the quantity that may be produced by several  large steam-generating plants 
is so large. 
determining the properties and composition of the t a r  (8, 10) and on developing 
uses  f o r  the t a r  (1, 2, 3, 4, 5. 6, 7, 9, 13, 14). But very little technical infor- 
mation is available from these programs. 
information available, we wish to present the resul ts  from a preliminary p.rogram 
carr ied out i n  1955 on the utilization of low-temperature tar. 

One large steam-generating plant 

The problem in finding outlets for  the t a r  is difficult because 

A fair amount of work has  been or  is now being ca r r i ed  out on 

In the interests  of making more  

This paper presents a summary of the work carr ied out at SouthernResearch 
Institute to evaluate the t a r  produced from Alabama bituminous coal and to investi- 
gate, in a preliminary manner, some methods for  utilizing the tar. Also pre-  
sented a r e  the technical and economic aspects  of two proposed means of processing 
the t a r  to salable products. 
Company and i t s  affiliate, Southern Services, Inc., in the interest  of finding a 
means of reducing the cost  of solid fuels. 

The program w a s  sponsored by the Alabama Power 

Experimental Program on Utilization of Tar 

This program on tar  utilization w a s  undertaken to provide a sounder basis  
for evaluating the potential of low -temperature carbonization for  the sponsoring 
power utility. A pr ior  program (11) for this power utility had demonstrated in  a 
pilot plant that agglomerating coals could be carbonized economically in a fluidized-. 
bed process. F o r  a power plant application, the cost for  carbonization and non- 
recoverableheat value of the original coalmust  be borne by the sale of the tar. 
Cost estimates indicated that carbonization would be economic if  the tar  could be 
sold for $0.08 to $0.10 p e r  gallon. 
would not always bring this required price. Therefore, for economic disposal of 
the tar, some premium values of the t a r  must  be realized. 
was available in the l i terature on processing of low -temperature tar  to marketable 
products t o  p e r m i t  economic evaluation of proposed methods of processing. 
Also, the applicability of available data to the particular tar produced from 

Disposal of the t a r  a s  a heavy liquid fuel 

Insufficient information 
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Alabama coals was not known. Therefore, a n  investigatory program was carr ied 
out (1) to evaluate in a. preliminary manner val,ious means of utilizing o r  convert- 
ing the tar from the Alabamacoals,  (2) to determine approximate yields of salable 
products, (3) to reveal avenues of r e sea rch  that might be followed, and (4) to 
permit an approximate price tag to be put on the tar  in t e rms  of processing costs 
and pr ices  of marketable products. The program was not intended to develop 
detailed and optimum procedures for  each type of processing that was considered. 
Therefore,  the resul ts  from this program a r e  not precise,  and the operating con- 
ditions and yields a r e  probably not the optimum values that furthertresearch will 
provide. 

T a r  Composition 

T a r  from the low -temperature carbonization processes  is considerably 
different from high-temperature coke-oven tar. Low -temperature tap has under- 
gone less thermal cracking and is, therefore, l e s s  aromatic in nature. It may be 
regarded a s  intermediate in nature between coke-oven tar and crude petroleum. 
Very f e w  chemical compounds a r e  present in sufficient amounts to permit their 

... . economical separation and recovery. - _  

The t a r  used in this program was produced by carbonizing America Seam 
coal, a high-volatile bituminous coal from Alabama, a t  950" F in a continuous 
fluidized-bed carbonization pilot plant (11). 
and chemical properties to t a r s  produced in other  low -temperature carbonization 
processes  from a variety of coals. 

The t a r  is quite s imilar  in physical 

The composition of a typical t a r  used in these studies is shown in Table I. 
About 12% of the t a r  consis ts  of low-boilers distilling below 235" C, 30% is 
middle oil  boiling 235" to 360" C, and 58% is accounted for  by the pitch and distilla- 
tion loss. 
content of the low-temperature t a r  (about 30% of distillate) is greater  than that of 
high-temperature tar.  
aromatic hydrocarbons, 40% saturated hydrocarbons, and 10% olefinic hydrocar - 
bons. Table I also shows the composition of the low boilers (distillate to 235" C), 
the heavy distillate (boiling 235-360" C), and the distillate tar  acids. 

These yields are s imi l a r  to those from coke-oven tar.  The tar-acid 

The neutral  oil from the distillate contains roughly 50% 

The pitch amounts to over  50% of the tar. It has a softening point of about 
100" C af ter  the distillables to 360" C have been removed. 
4-10% char  dust carr ied through the dust-collection equipment and 11-29% of the 
pitch is insoluble in benzene. 
dust  content of the pitch from a l a rge  plant at a lower level. 

The pitch contains 

Commercial  dust collection equipment will keep the 

Light Distillate 

The light distillate fraction boiling below 235" C has a much greater value 
than the other fractions because approximately 30% of i t  consists of phenol, 
cresols,  and cresylic acid. 
recovered, but the oil would be more  valuable if the aromatic content of the oil 
w e r e  increased. 
p re s su re  reactor  using reforming conditions to study the possibility of converting 
the naphthenes i n  the light distillate to aromatics.  

Aromatics (40% of the remaining neutral oil) can be 

Therefore, two runs were made in a continuous bench-scale 
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The reactions were ca r r i ed  out in a bench-scale 'continuous reactor contain- 

ing 550 ml of 1/8-in.  standard molybdena-alumina catalyst. The conditions of the 
runs included a space velocity of 0.4, a catalyst temperature of 525" C, and a flow 
of hydrogen at  370 psig. 

In two runs made with neutral  oils f rom the light distillate, the aromatics 
content of the oil was increased from 38% to 65% a t  a yield of 7 1  vol-70. Nitrogen 
and sulfur compounds were practically eliminated under these conditions. 

Heavy Distillate ' 

To ,study the possibility of converting the heavy distillate to more valuable 
low-boiling compounds, the fraction of the tar boiling between 235" C and 360" C, 
including the t a r  acids, was treated by catalytic means in both batchwise and con- 
tinuous runs. 

The four batchwise hydrogenation runs  were made with maximum hydrogen 
p res su res  of 3000 to 4000 psig, temperatures  of 450" C to 500" C, and a molyb- 
dena-alumina catalyst. After a reaction time of 1.5 hr,  the yield of oil w a s  93 
vol-%; 45% of the product boiled below 235" C, and theproduct contained 55% a ro -  
matics. The consumption of hydrogen w a s  5. 5% of the weight of the tar.  
runs indicated that 475" C was about the optimum temperature,  and that the yields 
were much lower with longer holding t imes and a t  higher temperatures.  

These 

The continuous runs were made in a bench-scale unit which had a reactor  
catalyst volume of 550 ml. 
gen pressure of 3000 psig, and a space velocity of 0.4 to 0 .8 .  The catalyst was 
1/8-in.  pellets of molybdena alumina. Under these conditions, very little of the 
aromatic compounds was hydrogenated and the desired degree of cracking to the 
low -boiling compounds was accomplished. The t a r  acids w e r e  practically elimi- 
nated under these conditions. The resul ts  f rom the continuous runs were quite 
s imilar  to those from the batchwise runs. On the bas i s  of five runs,  the best yields 
a t  these conditions were approximately 92 vol-'?'o and the amount of the product 
boiling below 235" C was 50%. 

They were made at a temperature of 480" C, a hydro- 

The product contained 40% aromatics.  

The hydrocracked oi ls  boiling below 235" C sti l l  contained considerable 
amounts of naphthenes and their conversion to aromatics  via reforming was studied 
in a single continuous run. 
for reforming of the low-boilers distilled from the tar.  
was obtained. The product contained 80% aromatics  as compared to 44% aromatics  
i n  the charge stock. 
hydrocracked oils from tar  should demonstrate higher yields. 

Neutral Heavy Distillate 

The equipment and conditions w e r e  the same  as used 
An oil  yield of 74 vol-70 

A more  complete study of reforming of hydrogenated or 

- 
It is probable that in commercial  processing of the distillate oils, the t a r  

acids will be extracted for  separate  processing before the oi ls  are catalytically 
treated because such treatments destroy the tar acids. A number of continuous 
runs  was made with this neutral  heavy disti l late to determine the effect of thermal 
cracking at  atmospheric p re s su re  with and without catalyst and the effect of a low - 
pressure reforming-cracking reaction. The neutral heavy distillate used for  these 
runs w a s  the fraction of the total t a r  boiling from 235" C to 360" C after the tar 
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acids  were extracted with caustic washing. Under the best conditions, the heavy 
oil  w a s  cracked in a single p a s s  to products of which 40% boiled below 235" C and 
which had high aromatic contents of 75% to 80% at  a yield of 75 vol-oJ. 

Thermal cracking runs on the neutral  distillate made without a catalyst a t  
600" C and at  atmospheric p re s su re  resulted in  yields of approximately 80 vol-Y~. 
Only about 17% of the product boiled below 235" C. 
made using molybdenum sulfide-alumina catalyst and hydrogen at atmospheric 
p re s su re  a t  a space velocity of 1 .0 .  
and the product contained 77% aromatics  and 22% of oi ls  boiling below 235" C. 
a lower catalyst temperature of 520" C, the yield was 8770, but the product con- 
tained only 16% of oils boiling below 235" C. 
yields of cracked products can be obtained only when a catalyst and sufficient 
hydrogen p res su res  a r e  used to prevent cracking from proceeding too far.  

Another s e r i e s  of runs was 

At a temperature of 640" C, the yield was 55%, 
At 

These runs indicated that satisfactory 

A s e r i e s  of runs on the neutral  heavy distillate was then made using hydro- 

The previous runs with total heavy distillate showed that 
cracking-reforming conditions of 500 to 750 psig hydrogen pressure and  tempera- 
t u re s  of 480 to 550" C. 
fair yields of aromatics boiling below 235" C could be obtained by f i rs t  hydrocrack- 
ing the oi ls  to low-boiling oi ls  and then reforming the low-boilers to aromatics. 
This present s e r i e s  w a s  made under conditions that combined those of the previous 
two-step treatment. 
cracking and dehydrogenation and a moderate hydrogen pressure was selected to 
prevent over-cracking of the compounds so tha t  good liquid yields would b e  
obtained. The selection of these conditions w a s  based partially upon a se r i e s  of 
batch reactions with heavy distillate. 

A fairly high temperature w a s  selected to give sufficient 

- 

With the use of a molybdena-alumina catalyst a t  about 480" C, a hydrogen 
p res su re  of 750 psig, and a space velocity of 1.0,  yields were 75-91 vol-70. The 
product contained 73-8070 aromatics  and 40% boiled below 235" C. 
ture of 550" C, hydrogen p res su re  of 500 psig, and a space velocity of 0.4, the 
yield was 74 vol-70, the product contained 79% aromatics,  and 46% of the product 
boiled below 235" C. In a commercial  operation, the oils boiling above 235" C 
would probably be recycled to the reaction so  that only low-boilers would be pro- 
duced. One run w a s  made to determine the effect of recycling the high-boiling oil. 
The yield of product w a s  66 vol-70. The product contained 93% aromatics and 2670 
boiled below 235" C. 

With a tempera- 

The combined r e fo rma te  boiling below 235" C from the pr imary run and the 
recycle runs was carefully fractionated and the aromatics in each fraction 
determined. 
benzene, 8% toluene, 10% xylenes, 16% naphthalene, 3070 substituted benzenes, and 
32% saturated hydrocarbons. 

This analysis indicated that the combined chemical oil contained 4% 

Tar  Acids 

1 

As shown by the typical analysis in Table I, approximately 40% of the t a r  
About acids  f rom the total distillate consists of phenol, cresols ,  and xylenols. 

60% c o n s  i s t s of high-boiling, highly-substituted alkyl phenols for which there 
is little demand at the present. 
fraction boiling from 170 to 235" C (including xylenols) w i l l  form hard thermo- 
setting r e s ins  with formaldehyde. 

The research program has shown that the tar-acid 

The removal of small  amounts of impurit ies 
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from individual t a r  acids appears to be  a &major problem. 

One means of utilizing the tar  acids is to convert the higher-boiling ones 
which have little value to the simpler,  more  valuable low -boiling phenolics. 
hydrocracking of these high-boiling tar acids was studied in five batchwise runs 
with a molybdena-alumina catalyst i n  the presence of water. T a r  acids boiling 
from 235 to 360" C were hydrocracked at  a temperature of 420" C, in the presence 
of 10% addition of water, and a hydrogen p res su re  of 2600 psig. The yield was 
92 vol-70. 
The t a r  acids boiling in the intermediate range of 235 to 300" C w e r e  hydrocracked 
at 460" C and 2100 psig hydrogen pressure to give a yield of 90 vol-7'0. 
contained 50% tar  acids  and 53% boiled below 235" C. Hydrocracking of the heavy 
tar  acids boiling at  300-360" C resulted in a yield of 84 vol-%. . The product con- 
tained 507'0 t a r  acids, and only 23% of the product boiled below 235" C. Additional 
runs with this fraction were made in which nitrogen replaced some of the hydrogen 
in an attempt to l imit  the hydrogenation of the hydroxyl groups and yet provide 
sufficient p re s su re  to suppress  the cracking to  gases. These runs  gave rather  low 
yields of oils  and a large amount of coking. 

The 

The product contained 82% ta r  acids and 23% oils boiling below 235" C. 

The product 

Pitch 

Approximately one half of the tar  consists of hard pitch. Therefore, no plan 

The pitch might be sold in the large-volume 
for  conversion of the tar w i l l  be successful unless attractive marke t s  o r  methods 
of conversion for  the pitch a r e  found. 
markets  of road asphalt o r  pitch, roofing pitch, electrode binder pitch, or  for a 
premium fuel in open-hearth furnaces of s teel  mills. 
converted to pitch coke o r  hydrogenated to give more of the low-boiling chemical 
oil. Prel iminary investigations mere made for  adapting the pitch to these various 
outlets. Additional work on making the pitch more  stable to weather is needed i f  i t  
is considered for uses such as road and roofing pitch. 

The pitch might also be 

Experiments showed that the specifications f o r  highway road-tar  pr imer  
could be met by blending high-boiling neutral  oil with pitch. 
would use up more  of the heavy distillate than pitch and would degrade the value of 
the distillate used to road-tar price. 

However, this method 

Electrode binder pitch must contain at  least  20% of so-called "beta resin"  
which is that portion soluble in quinoline, but insoluble in benzene. 
low-temperature t a r  pitch has  a very small  amount of this beta resin.  
experiments demonstrated that the beta-resin content of the pitch could be 
increased to the range of 30 to 50% in yields greater  than 95% by air-blowing at  
250" C. This air-blown pitch meets most  
specifications f o r  electrode bihder pitch, but i t s  utility fo r  this purpose needs to be 
tested. 

Normally, 
A series of 

No catalyst was used in any of the runs. 

Coking of the pitch was studied in five batchwise r e to r t  runs  made at 700" C. 
The average yield of coke was 51% and that of t a r  was 3170, with the remainder 
being water and gas. 
these tes ts  had a high content of char dust which caused a high a sh  content in the 
coke. 
oils  distillable to 360" C. 

The coke had a volatile content of 5%. The pitch used for 

The t a r  from the coking of pitch w a s  very viscous and contained only 19% of 
. .  



Tar Hydrogenation 

A limited number of batch hydrogenations was carr ied out using the total 
t a r  which had been topped to 235" C. 
might be considered for  commercial  utilization of the tar i f  previously mentioned 
uses  of the t a r  do not provide sufficiently attractive outlets. Low -temperature 
t a r  is much more  reactive than coke-oven tar,  and has been hydrogenated to low- 
boilers in yields of approximately 100 vol-% in  other research programs. The 
two runs  made in the present program were ca r r i ed  out a t  temperatures of 450 
and 470" C, and at  maximum hydrogen p res su res  of about 3000 psig. Yields of 
90 and 98 vol-% were obtained, and 20 to 30% of theproduct boiled below 235" C. 
The conversion to low boilers was not a s  great as desired, and further study is 
needed. 

Such hydrogenation of the total heavy tar 

Possible Methods fo r  Processing the T a r  to Marketable Products 
2 

A large number of means for utilizing the t a r  a r e  potentially available- 
from crude uses  such as for  fuel and road t a r s  to complete conversion to l on-  
boiling aromatics.  
determined through future r e sea rch ,  by existing and future markets,  and by the 
economics of such combinations of processing methods. 

The optimum combination of processing methods will be 

Several  schemes for par t ia l  or  total conversion of the tar  to marketable 
products w e r e  considered on the basis  of the resul ts  from the preliminary experi-  
mental program. and on published data. 
t a r  are presented to i l lustrate  what might be done, and to indicate the approxi- 

- mate economic potentials of such processing plans. 
a plant processing 41,600,000 gallons of t a r  per  year  produced by fluidized carbon- 
ization of 6,000 tons of America Seam coal per  day. 
processing were obtained f rom published data on plants carrying out these o r  
s imi l a r  steps. Since the cost  data used were averages of a s  many a s  20 to 30 
reported costs, i t  is believed the data a r e  representative of the cost of an average 
processing step. In each case,  conservative (higher-cost) figures were used. The 
t a r  was charged to the t a r  processing plant at $0.086/gal because a cost study 
indicated that such a price would give a net re turn of 10% after income taxes on a 
carbonization plant located in Alabama. These costs  n e r e  based, in part, on an 
engineering cost study of fluidized carbonization by United Engineers and 
Constructors,  Inc. (12). 

Two possible methods of processing the 

The estimates were based on 

The costs of equipment and 

The f i rs t  of the two proposed plans for t a r  processing involved using a po r -  
tion of the t a r  without chemical conversion and converting the remainder by 
hydrocracking. 
neutral  oil. The pitch and nonaromatics from the heavy distillate a r e  sold a s  
road binder. 
boiling oils. 
and gasoline blending stock. 

The low-boiling oils a r e  removed and refined to tar  acids and a 

The aromatic  portion of the heavy distillate is hydrocracked to low- 
The refined products consist of low -boiling aromatics,  cresylic acid, 

The total plant cost  was estimated to be $6,470,000, of which $2,628,000 
After including $1,310,000 for  working capital, 

The processing costs included 
was f o r  the hydrocracking unit. 
the total capital requirements w e r e  $7,780, 000. 
amortization, direct  and indirect  production costs, raw material  ( tar)  costs, and 
sales and administrative costs.  The estimated net income after income taxes was 
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$979,0.00, which gives a net yearly re turn on the investment of 12.670, o r  a Payout 
time of 4 years .  

The second plan was for the complete conversion to low -boiling products. 
This plan was proposed for  the eventuality that the pitch and heavy distillate cannot 
be sold in existing markets  o r  would br ing only fuel prices.  

This method of utilization calls for  removing the t a r  acids boiling below 
300" C, and hydrocracking the r e s t  of the t a r  to oils boiling below 235" C. 
heavy t a r  acids a r e  a lso hydrocracked to cresylic-acid range o r  below. 
products consist of refined tar  acids, refined aromatics,  and a gasoline blending 
stock. The over-all  yield of finished products was 68 gallons pe r  100 gallons of 
crude tar. 

The 
The final 

The estimated cost  of the plant was $13,152,000, including working capital. 
The total yearly costs  for  processing the t a r  were estimated a t  $3,733,000. The 
net income after income taxes for  this plan is $9.12,000. which provides a re turn 
on the investment of 6.9%. 

Present  Outlook 

The return on the investment for  either of these plans is lower than that 
expected by most chemical companies for processes  that w i l l  involve heavy 
expenses for development work. There a re  several factors  that may improve the 
economics of processing low -temperature tar: (1) fur ther  r e sea rch  may resul t  in 
higher yields of the valuable products from the tar; (2) fur ther-research and 
advancing technology a r e  expected to reduce the complexity and the costs  of 
processing the tar;  (3) long-term increases  in costs  of competitive raw mater ia ls  
and of finished products will bet ter  the economics of t a r  processing; (4) furthefi 
development work on the carbonization process should resul t  in increased yields 
of t a r  from the coal and lower costs of carbonization. 

Counterbalancing these optimistic factors a r e  some dampening factors  that 
have become apparent since the fall of 1957. 
caused softening of pr ices  of the aromatic chemicals and of certain fuel fractions 
for which some of the t a r  would be used. 
losses  may be overcome by r is ing prices.  
imported petroleum of the past few yea r s  has softened the price of fuels and petro- 
leum products with which some of the t a r  products must ccmpete. 

The general recession in 1958 

It may be several  yea r s  before these 
The increasingly large amount of 

It now appears that the conversion of t a r  into chemical products on a 
commercial  scale is a matter  of 5 to 10 yea r s  in the future. When petroleum and 
residual fuel pr ices  increase to approximately $0. 10/gal  a t  inland coal-producing 
areas ,  operation of commercial  carbonization plants should be profitable through 
the sale  of t a r  a s  a liquid fuel. Once low-temperature carbonization is on its feet 
through sale  of t a r  a s  fuel, then commercial  processing of the t a r  to chemicals 
and higher-priced products will follow. . 

J 

, 
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' I  

Table I. 

Specific gravity 25/25"C, 1 .10  

Propert ies  of Typical T a r  from America Seam Coal 

Distillation vields. weight % (HemDel) 

to 170" C 
170-200 
200-235 
235-270 
270-300 
300-360 
pitch 
loss 

1 . 4  
5.3 
7. 6 
7.3 
7. 5 

14. 3 
51. 8 

6. 8 

Composition of distillate, volume % 

t a r  acids 28. 5 
t a r  bases  2. 9 
neutral  o i l  68.6 

Composition of distillate t a r  acids 

Fraction Major Component Weight % 

170-200" C phenol 3 . 1  

21 0- 235 xylenols 22.0 
200-210 cresols  13.9  

235-300 20.8 
above 300 and loss 40. 2 

Composition of distillate neutral oil, volume % 

Olefins 
Aromatics 
Saturated hydrocarbons 

8.1% 
47.3 
44.6 

Composition of low boilers (to 235" C), volume yo 

T a r  acids 
T a r  bases  
Neutral oils 

Olefins 
Aromatics 
Saturated hydrocarbons 

Naphthenes 
Paraffins 

28.5 
2.2 

69.3 
11 .2  
33. 2 
50. 6 

41 
59 



-53- 

Composition of heavy distillate (235360" C) 

Distillation range Weight % 

to 235" C 6 
, 235-270 14 

270-3 60 48 
Residue 32 

Composition, - volume '70 

T a r  acids 35. 7 
T a r  bases  3.4 
Neutral oi l  61. 0 

Aromatics 51. 6 
Olefins 19. 2 
Sat'd hydrocarbons 29. 2 
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Bat t e l l e  Memorial I n s t i t u t e  

Columbus, Ohio 

BACKGROUND AND HISTORY 

A process f o r  t h e  low-temperature carbonization of Texas l i g n i t e  
i n  d i l u t e  suspension was developed by the U. S. Bureau of Mines a t  Denver, 
Colorado, i n  cooperation with the Texas Power & Light Company as pa r t  of 
a program f o r  the more e f f i c i en t  use o f  this raterial. Work a t  Denver was 
car r ied  through the pilot-plant stage.  Promise of t h i s  process was such 
that the  A l u m i n u m  Company of Arrerica ins'alled a prototype carbonizer i n  
combination with the  power ? l a n t  for t h e i r  aluminum smelting i n s t a l l a t i o n  
a t  Fiockdale, Texas. 
m r i l y  t o  handle dr ied  Sandow l ign i t e ,  b u t  were f u r t h e r  designed so  t h a t  
l i g n i t e  char would be acceptable as an  alternate fuel.  
production of the desired amount of tar without regard  to the  amount o f  
so l id  fuel  recuired f o r  t h e  boilers. The p lan t  i s  360,000-kw capacity, 
serviced by three boi le rs ,  i n  tu rn  supplied by nine l i g n i B  driers.  
prototype carbonizer was s ized  t o  handle t h e  output of one d r i e r  only, 
with provision f o r  t ranspor t  of the  hot char to the f u e l  bunkers. I n  
e f fec t ,  the carbonizer was on a bypass to the main l ine between the d r i e r  
and the  boiler.  
be of t he  order of 50 million gallons per year. 

The bo i l e r s  f o r  t i e  power p l a n t  were designed p r i -  

This permitted the  

The 

If a l l  o f  t:ie li,g-Lte were carbonized, tar production % o d d  

The l i g n i t e  i s  s t r i p  mined and transported by conveyor b e l t  t o  

The crushed 
the d r i e r s  o r  f i e l d  storage. 
and normally d r i ed  the l igni te  to 2 to b per  cent  moisture. 
d r ied  l ignite i s  picked up by recycle carbonizing gas, together with some 
a i r  admixture, and i s  ca r r i ed  i n t o  the r e to r t .  
hea t  may be provided by combustion of tar vapors With process a i r  within 
the  r e to r t .  
hea t  may be required. 

Each d r i e r  has a capacity of 50 tons per hour 

Par t  o r  a l l  of the necessary 

An externa l  furnace i s  provided to supply what additional 
After the char is separated, the tar vapors a r e  



condensed and the condensed w a t e r  decanted. 
za t ion  work is given in t h e  Bureau of Y i e s  papers published by Parry e t  al." 

A good review of the  carboni- 

i n  l95b, Bat te l le  was asked by Texas ?ower & Light and Alcoa to 
'The work that undertake s tudies  leading to t h e  exploi ta t ion of this tar .  

will be reported here w i l l  cover the  processing o f  t h i s  tar, the charac- 
t e r i z a t i o n  studies,  analysis o f  products, and the type of react ions of the 
tar components. 
included. 

No discussion of the u t i l i z a t i o n  of this rrater ia l  is 

GEXERAL PHILOSORi OF APPROACH 

'Ole information ava i lab le  on low-temperature tars from l i g n i t e  
a t  t h i s  stage was quite sparse  and, i n  mny cases, self-contradictory.  
It was known, however, that the tar was an e x t r e m l y  complex mixture of a 
var ie ty  of hydrocarbon types, as wel l  a s  compounds of oqrgen, nitrogen, and 
sulfur .  
been t h a t  attempts would be mde  t o  find uses f o r  the crudest possible 
f ract ions,  and 'hat subsequent separations and refinements would be  under- 
taken only when the  work t o  t i t  point  hzd shown t h a t  f u r t h e r  refinement 
was essent ia l  to any a t t r a c t i v e  u t i l i za t ion .  

Throughout the course of  is work, the general p h i l o s o p b  has 

'&e tar produced a t  aockdale can be classed as a t ru ly  I1prirrary" 
o r  v i rg in  tar. 
low. 
matter i s  rapid, and the vapor residence time o f  the l ibera ted  mater ia l  
is very short. None of t h e  conditions obtain which i n  a by-product coke 
oven allow for extensive cracking and rearrangement of the conponents of 
the  v o l a t i l e  matter. Consequently, the t a r  character r e f l e c t s  c losely the 
character of the l i g n i t e  charge. 

The operating temperature o f  the  carbonizer is re la t ive ly  
The r a t e  of hea t ing  of the lignite and evolution of the v o l a t i l e  

It i s  this circumstance which probably contributes most t o  the 
compleAty of the t a r  composition. bhere extensive t h e m 1  reactions a r e  
possible a s  in t h e  coke oven, most of tlie m r e  unstable compounds a r e  con- 
ver ted t o  a r e l a t i v e l y  few simple,highly s table  configurations. 
t i a l  part of the nitrogen and s u l f u r  is l iberated as  amania and hydrogen 
su l f ide ,  and appreciable quant i t ies  af hydrogen and methane a re  formed by 
the  pyrolysis of hydrocarbons. 

Parry, V. F., Landers, W. S., Lagner, E. O., Goodman, J. K., and Lamners, 
G. D., Q y i n g  and Carbonizing Fine Coal i n  Znt rahed  and Fluidized State",  
Bureau of Nines Report o f  Investigations h9574, 1953. 

Parry, V. F., "Low-Temperature Carbonization o f  Coal and Lignite f o r  
I n d u s t r i a l  Uses", Bureau of Wries Report of Investigations 5123, 1955. 

A substaa- 

* 
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I n  the  l i g n i t e  tar, where these degradative reactions a r e  a t  a 
plinimum, a large proportion of tine o r ig ina l ly  evolved compounds probably 
survive unchanged. 
lates we f ind  Paraffinic, naphthenic, olefinic, and a rok t l c  hydroca$mns 
with oxygen, nitrogen, and s u l f u r  subst i tut ion,  and probably the und i s t i l i ed  
material was of the same general nature. 

Thus, throughout the whole bo i l ing  range of the distil- 

EARLY DISTILLATION WORK 

I n  the f irst  approach to t h i s  problem, d i s t i l l a t i o n  was se lec ted  
without question a s  t h e  f i r s t  means of separating crude f r ac t ions  from the 
l i g n i t e  tar. 
r i a l ,  pa r t i cu la r ly  a t  higher temperatures, we  used continuous & s t i l l a t i o n  
under vtcuum w i t h  t he  minimum prac t i ca l  heating time. 
experiments showed an expected re la t ionship  between the volume of distillate 
recovered and the softening and/or Viscosity of the residues. 
of the d i s t i l l a t e s  recovered a t  various d i s t i l l a t i o n  temgeratures soon 
showed tha t  t h e  composition dic! no t  vary par t i cu la r ly  w i t h  the boiling 
point. 
d i s t i l l a t e  t h a t  represented 20  per cent  of the p r i m r y  tar a s  i n  a d i s t i l l a t e  
t h a t  r e p r s e n t e d  5'0 p r  cect. 
o i l s ,  separation in to  f r ac t ions  of various boiling ranges supported tiiis 
observation very strongly. The evidence was abundant enough to indicate  
that t h i s  constancy of composition extended throughout t h e  tar, and tha t  
t h e  und i s t i l l ab l e  residues were of the same general cornposition a s  the 
l i g h t  distillates. 
Table 1, and averaze coniposition of the d i s t i l l a t e  i n  Table 2. 

&cause of many references t o  the i n s t a b i l i t y  of t h i s  mate- 

A s e r i e s  sf these 

Comparison 

I n  o the r  words, t h e  same classes of compounds were present i n  a 

A s  we went fu r the r  with the study of these 

?he properties of  the prinary tar i t s e l f  a r e  shown i n  

TABLE 2. AVERAGE COMWSITION OF LIGNITE TAR DISTILUTE 

Comuound Volume Per Cent 

T a r  Acids 
T a r  Bases 
igeutral Oils 

26 
4 
70 

SOLVENT EXTRACTIOX OF FFiIFiY TAR 

I n  studying the products obtained by t h i s  d i s t i l l a t i o n  of the 
prirrary tar, i n  m y  cases we found t h a t  t he  heavier portions of the  tar 
had cha rac t e r i s t i c s  which were not  pa r t i cu la r ly  desirable.  However, it 
was impractical  t o  t r e a t  these f r ac t ions  for the removal of the offending 
classes  of compounds. 
soda treatment of a high-boiling d i s t i l l a t e  f r ac t ion  f o r  removal of tar 
acids was not  promising because of emulsion formation and the d i f f i c u l t y  
of the separations. On t h i s  basis, t h e  appl ica t ion  of separation rneans 
to the primary tar itself appeared to be i n  order. 

For example, we had found qu i t e  early tha t  a caustic 



TABLE 1. 

PROPERTIES O F  PRLMARY LIGNITE TAR 

Ash ,  p e r  cent  

C-I ,  p e r  cent  

Wate r ,  p e r  cent  

Specific Gravi ty ,  25/25 C 

Viscos i ty ,  cp ,  28 C 

Elementa l  Composition, pe r  cen t  
water - f ree  basis 

Distillation, .MTM DZO-52, 
weight per  cent ( d r y  b a s i s )  

To 170 C 

170-235 C 

235-270 C 

270-300 C 

3 00- De compos i tion Tempe r a t u r e  

0 . 4  

I .  3-"1, 6 

3 - 4  

0 . 9 8 6 7  

820 

C H N S O(diff) - - - - -  
81.0 8 .  7 0.7 0. 7 a. ; 

2 .5  

16.4 

11. 6 

12.6 

31.0 

Residue a t  Decomposition Tempera tu re  21.0 

Loss 4.9 

Residue at 300 C 52.0 

Decomposition Tempera tu re ,  C 337  

i 
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Batch Shake-out Experiments 

Because of our e a r l i e r  work on d i s t i l l a t i o n  and the work of 
others  on the separation of tar acids, we were l e d  to explore the solvent 
extract ion of the primary tar and t r i e d  f i r s t  a two-solvent system con- 
pr is ing aqueous methanol* and hexane. 

It seemed reasonable t o  expect that, by this means, a residue 
could be produced from the hexane-soluble f r a c t i o n  which tmild contain 
l i t t l e  o r  no polar m t e r i a l s .  
acids and polar  m t e r i a l s  normally i n  the residue from the  d i s t i l l a t i o n  
should now be found in, and be recoverable from, the m t h a n o l  extract ,  
I n  a s e r i e s  of batch shake-outs, we found t h a t  separation could be 
acnieved, and made a start toward defining the  preferred conditions f o r  
the  separation. A s e r i e s  of s ing le  batch shake-outs was made t o  determhe 
the desired temperature of operation, the r e s u l t s  of mhicli a r e  simwn in 
Figure 1. As the  temperature was increased from 66 t o  120 F, it  was found 
t h a t  the  extent  t o  which insoluble n a t e r i a l  was  dispersed throdgh the 
methanol phase decr?ased s t e a d i b  unt i l ,  a t  120 F, t h e  insoluble  material 
was cleanly separated and was f l u i d  enough so t h a t  it could be  withdrawn 
without d i f f icu l ty .  Also ,  a t  t h i s  t e q x r a t u r e ,  the mater ia l  loss i . ~  the 
course of the experiment and the y ie ld  of insoluble  mater ia l  were markedly 
l e s s  than i n  the experiments conducted a t  lower temperatures. 
much beyond 120 F would have rec-uired e i t h e r  the subs t i tu t ion  of a higher 
b o i l i n g  solvent  f o r  hexane o r  the conducting of experiments a t  higher than 
a tmspher ic  pressure. Neither seerred desirable  a t  this stage, s ince there  
was no reason t o  an t ic ipa te  unsat isfactory operation a t  120 F. 

A t  t h e  same time, the high-boiling tar 

Temperatures 

Another s e r i e s  of s ing le  batch shake-outs was made t o  study the 
Increasing e f fec t  of varying t h e  solvent r a t i o  on the products obtained. 

e i t h e r  solvent decreased the amount of  insoluble material .  
the methanol r a t i o  a t  a constant hexane r a t i o  increased the yield of mthanol  
solubles.  'he concentration of caust ic  solubles i n  the methanol solubles 
was a l s o  increased by increasing t h e  rethanol  r a t i o  up t o  a r a t i o  of about 
2. Higher r a t i o s ,  however, resu l ted  i n  a gradual reciuction o f  the concen- 
t r a t i o n  o f  caust ic  solubles. 

Increasing 

It can be shown tha t  the t o t a l  recovery of caus t ic  solubles from 
the prinary tar increases m t h  increasing methanol r a t i o .  
of recovering more tar acids  by using higher methanol r a t i o s ,  there  is 
included mor and more non-tar-acid mater ia l  i n  the methanol solution. For 
mximum pur i ty  o f  recovered m t e r i a l s ,  low methanol r a t i o s  would be used; 
for  maximum removal, high ratios would be used. Pract ical ly ,  the mldmum 
removal i n  usable puri ty  is  the goal. 

I n  the process 

Because the process i s  essent ia l ly  a p a r t i t i o n  of the t a r  a c i d  
mater ia l  between the methanol and the  hexane, the e f fec t  of increasing 

* tihenever nethanol i s  used here, it refers  t o  a methanol-water solution, 
usually 70 weight per cent  methanolo 
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h e m e  rat io  is substantially that achieved by decreasing the methanol 
ratio,  except tha t  the yield of insoluble material is decreased by an 
increase in either solvent. These prel-imhry experiments formed the 
basis for  I n i t i a l  operation of the continuous unit. 

Operation of Rotating Disc Contactor U n i t  

Description of RDC U n i t  

The R E  column proper (shown in Figures 2 and 3) is constructed 
of two 4-inch flanged glass-pipe sections. The top section is 3 feet long 
and the bottom section is 4 f ee t  long,, The stator rings shown in Figure 3 
are 3-13/16 inches i n  OD and 2-3/8 inches i n  ID. Teflon gaskets are sand- 
wiched between the 20-gage s ta tor  r i n g s  to seal the r i n g  to the side of the 
glass pipe. T h i s  mthod of construction was used because the inside diam- 
eter  of the glass pipe used varies by as much as 1/8 inch. Three holes a re  
punched i n  the stator rings and gaskets, and l/b-inch rods inserted through 
the holes to hold the rings and gaskets. 
using spacers of 1-3/4-inch lengths of 3/8-inch tubing. 
20 gage and 2-l,& inches in diameter, and are sof t  soldered t o  a 5/8-inch 

The compartments a r e  f o m d  by 
The rotors are  

shaft. 

The two glass units are joined t o  ether in the center by means 
of a 1-inch-thick ring. The ring (Figure 2f i s  dr i l led and tapped so as 
to provide an entry f o r  t a r  feed, a bearing support fo r  the rotor shaft, 
and a passageway for f l u i d s  i n  the column. The f i t t ings  a t  the ends of 
the colunm are similar i n  construction to  the center piece, except that 
an ex‘iension, consisting of a section of 4-inch tubing, forms a s e t t l i n g  
zone. 
set t l ing chamber. 
and fed t o  a variable-height syphon breaker and from there t o  a storage 
tank. 
solvent in the column. 
brated gear pump operated through a variable-speed drive. 
t o  the column from constant-head feed tanks through rotometers. 
vents and t a r  a re  heated in a hot-water bath prior to entry into the column. 

closed on a l l  four sides. 
which removes vapors from the column and, a t  the sans b, heats the column 
by drawing a i r  i n  through a heat exchanger on the side near the bottom. 
Haffinate from the column is fed to the solvent-stripping unit, a 100-gallon 
agitated steam-jacketed vessel. 
f i l l ed  with Bsrl saddles provides sufficient rec t inca t ion  ta strip solvents 
from the products. 
to  s t r i p  the extract. 
solubles contain 25 t o  50 per cent water. 

The extract i s  removed through a 3/4-inch pipe and f e d  to a second 
Extract is taken off the high end of the set t l ing chamber 

The variable-height syphon breaker permits balancing the -levels of 
Tar is fed to the column by means of a small cali- 

Both sol- 
Solvents are fed  

%e column is supported in an angle-iron framework which is en- 
The top of the framwork is connected t o  a hood 

An unlagged b-foot length of &-inch pipe 

After the raffinate has been stripped, the unit  is used 
I n  actual practice, a f t e r  stripping, the methanol 

This is removed by decanting. 
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FIGURE 2. RDC EXTRACTION UNIT 
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FIGURE 3. ROTATING-DISK CONTACTOR 
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Physical Operability of RDC U n i t  

Tbe first  runs in the p i lobplant  u n i t  were made to explore the 
variables which should a f f ec t  the physical operation of the extraction 
column, i n  order that  optimum conditions might be used as standard i n  the 
subsequent runs. These variables were: rotor speed, feed rate, densitJr 
Ufe rence  between phases, and t i m e  required for  the column t o  reach equi- 
librium. Temperature was not considered as an operating variable i n  the 
RDC experiments, since an optimum temperature f o r  operation had been estab- 
lished at 120 F through batch shake-out t e s t s  as described above. A l l  
RDC runs were made a t  this temperature. 

ing occurred a t  a t a r  feed r a t e  of 2.6 gallons per hour. 
t o  a total column feed of 350 gallons per hour per square f o o t  of column 
cross-sectional area. I n  subsequent runs, the combined f l o w  ra te  was 
limited to a maximum of about 270 gallons per hour per square foot. 

of caustic solubles in the methanol solubles increased; but, h e n  the speed 
was increased further t o  270 rpm, an emulsion was formed i n  the column which 
made phase separation impossible. A l l  subsequent run6 were mde a t  215 rpm. 

raffinate and extract so tha t  the phases may be separated. A s  each solvent 
dissolves components of the tar, the densiw of each solution increases; 
therefore, the density and density difference wi l l  depend not only on the 
solvents used, but also on the solvent ra t ios  as well. As mre water i s  
added to  the methanol solution, its density increases so that, for each 
methanol-water concentration, there is a solvent r a t io  below which the 
column w i l l  not be operable. These findings are summarized i n  Figure 4. 

I n  one run (1:4:4 ra t io)  feed rates were increased unt i l  flood- 
This corresponds 

As the rotor speed was increased from 180 t o  215’ rpm, the amount 

Enough difference must be maintained between t h e  density of the 

For any given methanol concentration, operations to the l e f t  of 

1% can 

the proper mrve w i l l  not be feasible because of insufficient difference 
in density between the two phases. 
1:3:3 r a t io  is satisfactory, but a l:5:3 or a l t l r 2  ra t io  i s  not. 
be seen from these curves that, for  aqr methanol concentration, there is 
a hexane r a t i o  above which the column may be operated regardless of the 
methanol ratio. These curves are not sharp and preciee boundaries, but 
rather the areas of approach to  inoperable conditions. 
very useful in the selection of solvent ra t ios  f o r  subsequent runs. 

Thus, w i t h  70 per cent methanol, a 

These data proved 

Eiffect of Operating Variables on Products 

A s  wi th  s ingle  batch shake-outs, solvent ratios and methanol 
concentrations can be selected within operable limits fo r  use w i t h  the RDC 
unit  so as t o  produce products of varying quality and i n  varying yield. 
For example, the puri ty  and yield (inversely related) of tar acids i n  the 
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FIGURE 4- LIMITS OF OI’ERATION OF SOLVENT-EXTRACTION UNIT 
DUE TO DENSITY DIFFERENCE 
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methanol extr;ct can  be regulated partly by adjusting the  mthanol con- 
centration. Likewise, the degree of ex t rac t ion  o f  polar cofipounds f r o m  
the  hexane-soluble f rac t ion  can be adjusted in  prt by changing the  r a t i c s  
of the hexane-methanol-primary t a r  streams. The e f f e c t s  of changing these  
two variables have been investigated within certain ranges in the  p i lo t -  
plant RDC unit. 

f r ac t ion  o f  t he  caus t i c  solubles,  o r ig ina l ly  in the prinary tar, which is 
extracted by the methanol. 
be obtained d i r - c t ly .  However, a number of l ist i l lates of various y ie lds  
were successfully c a u s t i c  washed and were found t o  contain about 27 per 
cent  of caustic so lub le s  irrespective of y i e ld  o r  bo i l ing  range of d i s t i l -  
l a t e .  
t h e  primary tar i t se l f .  

The effect  of such changes can be followed by determining t h e  

%e total caus t ic  solubles i n  the tar cannot 

For t h i s  reason, the va lue  o f  27 per cent was assumed to hold fo r  

If the inethanol concentration is low, it wculd be expected t h a t  
l i t t l e  of the  t a r  would be so luble  i n  it. E, on the other hand, the 
methanol concentration is high, one would e q e c t  that the  s o l u b i l i t y  of t h e  
tar ,  and hence the degree of extraction, vould increase.  
shown i n  Figure 5. ‘Ihe pos i t ion  of the curve a t  75 Fer cent methanol indi- 
ca te s  tha t  the a s s m e d  value of 27 p r  cent  of caus t ic  solubles in the  p r i -  
mary tar might be low. If the value of 27 per cent  were incorrect,  it 
would have the  ef:ect o f  s h i f t i n g  the curve upward or downward, depending 
on whether the t r u e  value w a s  lower o r  higher than 27 per cent. 
found i n  the s ing le  batch shake-oats that ,  iihenever the ex t rac t ion  of 
caus t i c  solubles increased, t h e  concentration of caus t i c  solubles in the 
methanol solubles decreased. A similar e f f ec t  f o r  the pilot-plant u tu t  
i s  shown i n  Figure 6. 

Tkis a- fec t  i s  

it was 

The insoluble mtter  decreased k i t h  inc reasbg  solvent r a t i o  a s  
i n  the single batch shake-out tests. However, the column appeared to bz 
more e f f i c i en t  i n  this separation. A t  a 1:8:8 r a t io ,  a s ing le  batch shake- t,, i 
out  resulted i n  about 4.5 per cent of insolubles while the D C  yielded 
about 2 per cent. 
cen t  of ash, and i f  it i s  assumed t h a t  char contains 20 per cent of ash, 
i t  can be ca lcu la ted  that there was about 1.75 per cent of char i n  
p r h r y  tar. 
solvent n t i o s .  

Since Rockdale R u n  53 p r h a r y  tar contained 0.35 per 

53 
The curve of Figure 7 appears t o  approach this value a t  high 

Figure 8 is a convenient mthod  of showing t h e  a f f ec t  of solvent 
r a t i o s  for a given methanol concentration. The inoperable zone i s  defined 
and the per cent of to ta l  caus t ic  solubles extracted i s  indicated. Because 
of the  few da ta  ava i lab le ,  it is  not possible to define the shape of the 
curves showing a constant per cen t  of  caus t ic  solubles extracted a s  a func- 
t i o n  of solvent r a t i o s .  Bowever, the curve for 70 per cent  extraction 
appears to be approximated by a s t r a igh t  l ine.  
solubles extracted appears to approach some value around 100 per cent 

me per cent of caustic 



i .: 

-67- 

56 60 64 68 32 76 80 
Methanol Concentrotion,per cent methanol 0-23929 

FIGURE 5.. YIELD O F  CAUSTIC SOLUBLES USING A 
1:4:4 SOLVENT RATIO 

Methonol Concentrotion,per cent methanol 

FIGURE 6. CAUSTIC SOLUBILITY OF METHANOL SOLUBLES USING 
A 1:4:4 SOLVENT RATIO 
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FIGURE 7 .  INSOLUBLE MATTER AS A FUNCTION O F  TOTAL SOLVENT 
RATIO USING 7 0  PER CENT METHANOL 
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asymptotically as the  methanol r a t io  is increased. 
curves, it i s  apparent that  t h e  methanol r a t i o  has a g rea t e r  effect on 
per  cent  of t o t a l  caus t i c  solubles ex t rac ted  Clan does the  hexane ra t io  
under the conditions used. 

From t h e  slope of these 
' 

%e r e l a t i v e  s o l u b i l i t i e s  of tAe  priAmry tar i n  the hexane and 
methanol phases were determined f o r  70 per cent  fietmnol a t  d i f f e ren t  
solvent ratios. These r e s u l t s  are shown in Figure 9. 

In previous work w i t h  the ro ta t ing  disc contactor, 'tar feed  was 
introduced a t  approximately the center  of the column. 
solvent-extraction columns has shown that t n e  location of the feed point 
might have a s ign i f i can t  e f f e c t  on the operation of the coluim so f a r  as 
y i e ld  ,md product quali.ty are concerned. 
d i sc  cantactor was a l t e r e d  t o  permit introduction o f  tar feed a t  t i 7 0  loca- 
t ions  i n  addition to the center  feed point.  
approximately one-fourth of t h e  distance dovn from the  top of the column 
and one-fourth of tine d is tance  up from the bottom of the  column." 
runs were mde i n  which t i e  feed  point was successively ohanzed from center, 
to top, t o  bottom, and fillal2.y back t o  center  p s i t i o n .  
n i f i can t  change i n  the colunn variables o ther  than feed-point location. 
A s  a r e s u l t  of t h i s  investigction, i t  was found t h a t  the t o t a l  m t e r i a l  
extracted from the tar by the methanol var ied  as follows: 

Srevious luork on 

For t h i s  reason, The rchating 

T'e points selected were 

Four 

There ms no s i p  

Feed Position Pe r  Cent Extracted 

Center 

Bottom 
Center 

TOP 
25.6 

23.k 
23.7 

25.9 

'he r e l a t i v e l y  small change i n  the percentage extracted a s  affected 
by the feed-point l oca t ion  indicates that  t h e  column used probably has con- 
siderably unre stages than are necessary t o  perform the desired extraction. 
I n  future work, however, the  present colurrm will be used, with feed in t ro-  
duced a t  the center position. 

Analytical  Methods 

A 500-ml sample of r a f f i n a t e  is weigred and about 250 ml placed 
i n  a t a r e d  500-ml f lask .  
column and  a thermometer extending t o  within 1/L inch of the bottom of 

The f l a s k  is f i t t e d  vnth a 12-inch Vigreaux 

\ 

* I n  the o r ig ina l  design of t h e  ro t a t ing  disc contactor c ere were 44 stages, 
with the feed point being a t  Stage 20, numbering dom from the top. 
other feed points were subsequently provided: 
(2 )  tl&ttornt' J Stage 32. 

Two 
(1) ItToplt, Stage 10, and 
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Hexane Ratio I - 2  1000 

FIGURE 9 .  RELATIVE SOLUBILITIES AS A FUNCTION OF SOLVENT 
RATIOS FOR 7 0  PER CENT METHANOL 
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the f l a s k ,  
necting t o  a condenser, and a separatory funnel through a c h  is  added 
the reminder  of the  raffinate sample during d i s t i l l a t i o n .  

The top of the  Vigreaux coluxim is f i t t e d  with a s ide  arm con- 

Tne f la sk  is heated w i t h  a heating m t l e ,  and the hexane dis- 
t i l l e d  over i s  discarded. 
f l a s k  the d i s t i l l a t i o n  is continued until the pot  temperature reaches 210 C. 
’&e i l a s k  is  then cooled and weighed t o  determine the weight of hexane- 
soluble residue. 

When a l l  the r a f f i n a t e  has been charged to the 

!he ex t r ac t  is handled i n  t he  same way a s  the  ra f f ina te  except 

The f l a s k  i s  allowed to  cool and 

The water 

that ,  a f t e r  a l l  e x t r a c t  has been added to the f lask ,  d i s t i l l a t i o n  is stopped 
when the pot temperature reaches 95 C. 
200 ml of benzene is added. The contents of the f l a s k  a re  then t ransferred 
t o  a .5’00-ml separatory funnel, shaken, and allowed t o  se t t le .  
layer  is drawn off and discarded and the  benzene layer  returned to the 
f lask.  
to the  contents of the flask.  M s t i l l a t i o n  is continued u n t i l  the  pot 
temperature reaches 210 C. 
to determine the methanol solubles. 

The separatory funnel i s  rinsed with m t h y l  alcohol, which is added 

The f l a s k  is allowed to cool and then is weighed 

The inethanol solubles cbtained a s  indicated in the previous sec- 
t ion a r e  washed i n t o  a 5’00-ml separatory funnel t u t h  three portions of warm 
20 per Cent sodium hydrolcide solution, 
to mom temperature and 50 ml 03 ether  added. The mixture is shaken care- 
f u l l y  and allowed t o  s e t t l e .  
190-nil f lask  and heated on a steam bath. After the contents have stopped 
boiling, a vacuum (using a water asp i ra tor )  is drawn u n t i l  no more boi l ing 
occurs. 
soluble material  ir, the methanol solubles. 
is calculated by difference. 

The solution i s  allowed to cool 

The ether l aye r  is transferred t o  a tared 

The f l a s k  is cooled and weighed to determine the non-caustic- 
’he per cent of caustic solubles 

A known quant i ty  of the insoluble phase is charged t o  a tared 
f lask  and heated on a steam bath under vacuum t o  strip it of solvent. 
f l a s k  is cooled and weighed to determine the insoluble matter. 

The 

SECONDARY PIiOCESSII’JG OF SOLVEIVT MTRAC‘IION PRODUCTS 

For the purpose of providing samples f o r  the characterization 
and u t i l i z a t i o n  s tudies ,  hexane solubles  were d i s t i l l e d  t o  yield fores, 
middle o i l ,  and pi tch of various softening points. Path batch and contin- 
uous methods of d i s t i l l a t i o n  were used. Yethano1 solubles were usually 
d i s t i l l e d  t o  an a r b i t r a r y  cut point of 235 C f o r  the same purpose. 
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ROCKDALE PILOT PLANT 

; 
i 

A solvent-extraction p i l o t  p lan t  has been constructed a t  Rockdale, 
p r i m r i l y  t o  provide m t e r i a l s  for  u t i l i z a t i o n  s t u Q  on a l a r g e r  scale.  
This uni t  i s  designed to process about 1000 gal lons of primary tar per 
stream day and t o  produce f i v e  r a i n  products. A simplif ied flow diagram 
is shown i n  Figure u). Tar, aqueous mthanol,  and hexane--all preheated 
t o  120 F--are fed to the  center,  top, and bottom of a ro ta t ing  disc  con- 
tac tor .  
in diameter by 16 f e e t  high, with 24 contacting stages.  

btes a r e  control led by metering pumps. The contactor is 3 f e e t  

?fie hexane so lu t ion  leaves the top of the contactor, passes 
through a steam heater,  then into a f lash  drum where a subs tan t ia l  port ion 
of the solvent  i s  f lashed off .  
another heater  and is f e d  t o  a packed tower f o r  the d i s t i l l a t i o n  of t h e  
remining  solvent. 
through a condenser where the water flow is regulated t o  maintain the proper 
temperature of the recycled solvent.  
to an accumulator tank, then through an e l e c t r i c  hea te r  to a vacuum st i l l  
i n  which s u f f i c i e n t  d i s t i l l a t e  i s  taken overhead to y i e l d  a s  bottoms a 
pi tch of the desired softening point ,  
column, not  shown on the diagram, t o  produce a l i g h t  d i s t i l l a t e  and a bottoms 
of the  desired f l a s h  point  and boi l ing range. 

The p a r t i a l l y  s t r ipped  l i q u i d  passes through 

The streams of solvent vapor a r e  combined and passed 

Ihe solvent-free hexane extract  goes 

The d i s t i l l a t e  i s  topped in another 

‘Ihe methanol so lu t ion  s imi la r ly  is s t r ipped of solvent  i n  two 
stages, and t h e  recovered solvent  i s  recycled to  the contactor. Adjust- 
ment of the water content is necessary because part of t h a t  o r ig ina l ly  
present in the solvent feed  stream is decanted from the solvent-free mate- 
r i a l  leaving the bottom of the methanol recovery still .  

When desired, the methanol-soluble mater ia l  m y  be separated 
i n t o  low- and high-boiling f r a c t i o n s  i n  the same column mentioned above 
f o r  f i n a l  s p l i t t i n g  of the hexane-soluble d i s t i l l a t e .  
through the xylenols a re  taken overhead i n  this operation. 
7 give typ ica l  inspections of the f i v e  products r e s u l t i n g  from t h i s  kind 
of operation. 

Normally, tar ac ids  
Tables 3 through 
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TABLE 3. 

PERTIES O F  FORERUN, DISTILLING TO 200 C,  OF DISTILLATE 
OF HEXANE SOLOBLES OF PRIMARY LIGNITE TAR. 

Specific Gravity,-25/25 C 
Refractive Index, h2’ 

ViBcOsity, kinematic C B ,  100 F P 

Flash Point, F 
Fire  point, F 
copper Strip Corrosion 
Pour Paint, F 

Tar Acids, volume per Ceht 
Tar Bases, volume per cent 
tueiitral Oil, volume per cent 

Paraffins,  volume per cent 
Olefins, volume per cent 
Aromatics, volume per cent 

H N - -  1-irmental Composition, per cent, C 
water - f ree  bas i d 85.4 11.7 0.2 

Distillation, ASTM D20-52, 

To 170C 

235-270 C 
270-300 C 
300-355 C 
Residue a t  355 c 
Loss 
Residue at  300 c 
Decomposition Temperature, c 

weight per cent  

170-235 C 

0.8503 
1.4754 
1.11 

90 
165 

No discoloration 
<- 70 

1.7 
1.2 

97.1 
14 
41 
45 

S O(diff) - -  
1.6 1.1 

26.7 
62.1 

7.7 
2.3 
0.8 
0.3 
0.1 
1.1 

> 355 
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% E X  k. 
PROPERTIES O F  DISTILLATE, TOPPED TO 200 C, O F  HEXANE 

SOLUBLES O F  P R I M A R Y  LIGNITE TAR 

Specific Gravity,  25 /25  C 
Refrac t ive  Index, nh5  
Viscosity,  kinematic c s ,  100 F 

F l a s h  Point,  F 
F i r e  Point,  F 
Copper S t r ip  Corrosion 
Pour  Poin t ,  F 

T a r  Acids,  volume p e r  cen t  
T a r  B a s e s ,  volume pe r  cen t  
Neut ra l  Oi l ,  volume p e r  cen t  

Pa ra f f in s ,  volume p e r  cen t  
Olefins,  volume per.  cen t  
Aromat i c s ,  volume p e r  cent  

0.9325 
1.5242 
8.13 

208 
320 

66.5  
NO discoloration 

7.7 * 2 
1.6 

90. 7 f 2 
15 
39 
46 

E lemen ta l  Composition, p e r  cent,  C H N S O(diff) 
water-  f r e e  bas i s  85.4 1 0 . 7  0 .4  1 . 0  2.5 

- - - - -  

Disti l lation, ASTM DZO-S?, 

To 170 C 
weight pe r  cent  

170-235 C 
235-270 C 
270-300 C 
300-355 C 
Residue at 355 C 
Loss 
Residue at 3 0 0  C 
Decomposition T e m p e r a t u r e ,  C 

0 . 1  
14.3 
20.1 
18. 1 
27. 7 
18. 6 

1. 1 
46.3 

>355  

/ 

4 

I 
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TABLE 5. 
PROPERTIES OF RESIDUE O F  HEXANE SOLUBLES O F  

PRIMARY LIGNITE TAR 

Soltening Point,  Ring and Ball ,  C 

Penet ra t ion ,  100 g ,  5 s e c ,  77 F 

Viscosity,  SFS, 350 F 

C-I, per  cent  

Nitrobenzene Insoluble, p e r  cent  

Ash ,  pe r  cent  

Specific Gravi ty ,  25/25 C 

Elemental  Composition, p e r  c e n t ,  
water- and ash- f ree  b a s i s  

Distillation, ASTM D2O-52, 
weight pe r  cent  

To 300 C 

300-Decomposition Tempera tu re  

Residue a t  Decomposition Tempera tu re  

Loss 

Residue a t  300 C 

Decomposition Tempera tu re ,  C 

C 
87.6 
- 

68 

1 

39 

0.36 

1.1 

0.1 

. 1.064 

H N S O(diff) - - - -  
7 . 6  0 . 7  0 . 8  3 . 2  

4 . 0  

13.4 

82.6 

-- 

96.0 

355 



TABLE 6. 

PROPERTIES OF LOW-BOILING METHANOL SOLUBLES, DISTILLING 
UNDER 235 C ,  O F  PRLMARY LIGNITE TAEt 

Caust ic  Soluble, pe r  cent  99 

Specific Gravity, 25/25 C 0.99 1 

Viscosi ty ,  kinematic c s ,  100 F 3.17 

Sulfur Content, per  cent  0. 13 

Nitrogen Content, p e r  cent  0.67 

Distillation, ASTM D20-52, 
weight per cent  . 

To 170 C . 0.0 

170-235 C 81.3 

235-270 C 8.8 

270-Decomposition T e m p e r a t u r e  6.3 

Re s idue a t  De compos ition T e m p e r a t u r e  2.4 

Loss 1.2 

Residue at 300 C 2.4 

Decomposition Tempera ture  , C 280 

i 
1 

' I  
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z TABLE 7. 

PROPERTIES OF HIGH-BOILING METHANOL SOLUBLES, BOILING 
OVER 235 C, O F  PRIMARY LIGNITE TAR 

Specific Gravi ty ,  25/25 C 1.163 

Viscosity.  SFS, 350 F 12 

Softening Point, Ring and Bal l ,  C 40-43 

Sulfur Content, pe r  cen t  0.99 

Nitrogen Content, pe r  cent  1.61 

Distillation, ASTM D20-52, 
weight per  cent 

To 170 C 

. 170-235 C 

235-270 C 

270-300 C 

0.. 1 

11.3 

12.7 

24.1 

300-Decomposition Tempera tu re  8 . 5  

Residue a t  Decomposition Tempera tu re  40.9 

Loss 2.4 

Residue a t  300 C 49.4 

Decomposition Tempera ture ,  C 325 
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STUDIES ON LOW-TEMPERATURE LIGNITE TAR 
II. CHARACTERIZATION OF MATERIALS OTHER THAN TAR ACIDS 

E. Jack Kahler,  D. C. Rowlands*, and W. C. Ellis 
Battelle Memorial Institute 

Columbus, Ohio 

A s  described in the f i r s t  paper of this se r i e s ,  p r imary  tar from the 
low- temperature carbonization of lignite can be  processed i n  a number of 
different ways. 
of chemicals and c lasses  of chemicals i n  different combinations. 
pose o f  this paper i s  to describe what has  been learned about the different 
c lasses  of chemicals in  p r imary  tar. The major effort was  directsd toward 
identifying the c lasses  of the chemicals rather than searching o u t  the 
identities and quantities of individual components. However, some individual 
compounds were studied in the process.. 

The various products obtainable contain a a i d e  assortment 
The pur- 

The mos t  important single characterist ic of low-temperature tar is 
that usilally, for each class of compounds found, a l l  the homologues a r e  
present. 
p r imary  t a r ,  a s  received, phenol is the most abundant single compound, 
in  about one pe r  cent. 

However, no one compound is present i n  a l a rge  amount. In the 
' 

P r i m a r y  Ta r  

e P r i m a r y  t a r  is composed of mater ia l s  that dist i l l  at temperatures 
from below 100 C to about 350 C ,  as well a s  high-molecular-weight, pitch- 
like materials. All characterization work has been done on distillates. 
However, i t  is believed that the residual mater ia l  probably has  the same 
general  proportions of chemical compound c lasses  as do the distillable 
fractions. 

P r i m a r y  tar is composed of t a i  acids,  tar bases ,  and neutral oil  as 
determined by their relative solubility or insolubility in caustic or dilute 
acid. The solvent-extraction process  described i n  P a p e r  I of this s e r i e s  
divides the p r imary  tar so that most of the ta r  acids are soluble in the 

'Pxesent address: Chemical Abstracts, Columbus, Ohio 

\ 
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methanol-water phase,  and most of the neutral oil i s  soluble in the hexane 
phase; the ta r  bases  a r e  divided quite evenly between the two phases. 

Figure 1 shows the boiling point, refractive index, and density curves 
obtained from a vacuum fractional distillation of a vacuum-flash distillate 
of a pr imary  tar studied ear ly  in the program. 
were  composited to fifteen fractions. 
boiling composites, contained about the same proportions of tar acids, tar  
bases ,  and neutral oil. The fall in  refractive index and corresponding r i s e  
in  density has not been explained or studied. These effects might have re -  
sulted from azeotrope formation because neither t a r  acids nor neutral oil  
showed this effect when they were  distilled separately. The average com- 
position of distillates of lignite t a r  is a s  follows: 

The individual fractions 
All of these, except for the lowest 

T a r  acids 
T a r  b a s e s  
Neutral o i l  

25 - 30 per  cent 
4 - 5 per  cent 

65 - 70 pe r  cent 

The remainder of this paper  and subsequent papers  in the ser ies  describe 
what was learned when these three classes of tar constituents were studied 
individually. 

Tar  Acids 

T a r  acids, o r  those materials soluble in  caustic, were found to be 

F o r  this work, tar acids were divided into two parts:  
p r imar i ly  phenolic compounds with no more  than two per  cent of aliphatic 
carboxylic acids. 
low-boiling ta r  acids and high-boiling tar acids. 
boiling point was 235 C ,  as this temperature  is slightly higher than the 
225 C boiling point of the leas t  volatile xylenol ( 3 , 4 ) ,  and thus insures the 
inclusion of all the xylenols in the low-boiling t a r  acids. 
was generally made by distilling off the low-boiling t a r  acids under vacuum 
in a nitrogen atmosphere. 
distilled a t  temperatures  up to those equivalent to 300 to 350 C a t  atmcy- 
pheric pressure. In such cases ,  only about 50 to 60 per  cent of the high- 
boiling t a r  acid fraction distilled. 

The dividing atmospheric 

The separation 

The high-boiling t a r  acids were sometimes 

The composition of the low-boiling t a r  acids was studied by infrared 
analysis after the acids had been converted to their methyl ethers. 
work is described i n  detail  in Paper  rU of this series. 
be the most abundant single t a r  acid. 
ethylphenols were also present  in low-boiling ta r  acids. 

This 
Phenol was found to 

All of the c reso ls ,  xylenols, and 

The high-boiling t a r  acids distilling up to 335 C were also studied. 
This work is described i n  detail i n  Paper  I V  of this series. 
phenols, naphthols, indanols, and polyhydroxylic phenols were the pre- 
dominant classes of compounds found in high-boiling t a r  acids. 

Alkylated 
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Tar  Bases 

Ta r  bases ,  o r  those mater ia l s  soluble in  dilute mineral  acid, a r e  
present in  tar distillates to the extent of only 3. 5 to 4. 5 pe r  cent. 
represent only a smal l  p a r t  of the tar, only limited studies were made of 
their nature. 
and yields of less than 1. 5 pe r  cent were realized by conventional recovery 
methods. Distillations, spot t e s t s ,  and paper chromotography indicated 
that t a r  bases  a r e  pr imari ly  nitrogen heterocyclics of the pyridine and 
quinoline types. 

A s  they 

Actually, all of the tar bases  cannot be  easily recovered, 

No evidence was obtained of aniline derivatives. 

Neutral Oil 

Neutral oil ,  which represents  more than two-thirds of pr imary t a r ,  
i s  composed primarily of hydrocarbons. 
olefins, and aromatics. 
which contain oxygen, sulfur, o r  n-trogen. 
fractionating neutral oil  in a Podbielniak Hypercal distillation unit. 
dence of some degree of separation is shown by the plateauing in the boiling- 
point curve and the periodic r i s e  and fall of the refractive index curve. 
f ra red  studies of selected fractions showed those corresponding to the 
maxima of the refractive index curve to be predominantly aromatic,  and 
those corresponding to the minima to be predominantly aliphatic. The 
periodicity is evidence for the homologous nature of the chemicals in pr i -  
mary  tar. 

These hydrocarbons a r e  paraffins, 

Figure 2 shows the results of 
Also present  are nonacidic "polar compounds" 

Evi- 

In- 

Silica-gel-displacement chromotography was used to assay neutral 
oil fo r  content of paraffins, olefins, and aromatics. 
typical curve obtained by the method of Dinneen, e t  al. (?, 2)T. These r e -  
sults are compared in  Table 1 with those obtained by a conventional 
sulfuric acid extraction method as described by Reynolds and Holmes. (3)  
There is no satisfactory explanation for the remarkable differences in the 
paraffin and aromatic values obtained by the two methods. However, the 
polar compounds, which a r e  believed to be  present  in  about 20 pe r  cent, 
could be the source of difference. 
silica gel method, and as olefins in  the sulfuric acid method. 

Fi ured-3 shows a 

They a r e  classed a s  "aromatics" by the 

The various c l a s ses  of compounds in  neutral  oil have been separated 
Infrared spectroscopy has  and studied for the types of structures present. 

been the chief analytical technique used for identification of structural  
features. 

OReferences are located at the end of this report. 
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TABLE 1. COMPOSITION OF NEUTRAL OIL 

Method of Analysis 
Component H2S04 Si Gel 

Paraffins 33 11-13 

Olefim 43 35 -40 

Aromatics 1 24 48-53 

Paraffins 

The paraffins in Lignite t a r  a r e  pr imar i ly  straight- chain hydrocarbons 
with a small  amount of branching. 
ffins i s  not known, but it is probably random. About one-third of the paraffins 
form an adduct with urea. 
either unbranched o r  that the branching i s  close to the end of the hydrocarbon 
chain. Hydrocarbon ring analysis based on physical properties showed that 
the paraffins and olefins combined contain about 20 per  cent ring carbon 
atoms. 

The location of the branching in the para-  

This indicates that the adducted paraffins a r e  

Paraffins were isolated f rom high-boiling fractions of neutral  o i l  a s  
colorless waxes. 
waxes to yield high-melting solids, the highest melting-point range attained 
was 40 to 47 C. 
them to contain only carbon and hydrogen. 

Although considerable efforts were made-to purify these 

Infrared and elemental analyses of these waxes showed 

I 

Olefins 

Early infrared studies on selected olefin fractions , separated fromy 
neutral oil by silica gel, showed the three major kinds of olefins present 
to be terminal o r  alpha, trans-internal, and tertiary. 

To l ea rn  more about the olefins, a study was made of the effect of 
various strengths of H2SO4 on the removal of olefins. 
the percentage of neutral oil extracted r i s e s  as stronger H2SO4 is used, a 
sharp r i s e  taking place a t  70 per  cent acid. 
bromine number begins to drop rapidly. 
more dilute acids is believed to be mostly polar compounds (discussed in a 
later section). 
cold 78 per  cent H2SO4. The proportion of olefins remaining was slightly 
higher than in the original neutral  oil. 
and the proportions of the paraffins, olefins, and aromatics that were ex- 
tracted by the acid. 

Figure 4 shows how 

At this acid strength, the 
The mater ia l  extracted by the 

Figure 5 shows a silica-gel curve of neutral  oi l  washed with 

Table 2 shows the calculated amounts 
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TABLE 2. COMPOSITIONS OF NEUTRAL OIL BEFORE AND AFTER 
BnNG WASHED WITH COLD 78 PER (3NT H2SO4 

Neutral Oil Cornponentda). per cent 
Paraffins Olefins Aromancs Total 

Original neutral oil 12 40 48 100 

Washed neutral oil 11.6 31.3 25.2 68.1 

Amount removed 0.4 8.7 22.8 31.9 

_- Percentage of composition 1+ 27+ 71t , 

removed matenal 

(a) Determined by displacement silica gel chromotography. 

About one-half of the olefins present in  Lignite ta r  a r e  a-olefins. 
cause the double bond i s  located a t  the end of the molecule, a-olefins can 
form adducts with urea  providing the remainder of the chain i s  not branched. 
This urea reaction, together with the selective separation of paraffins and 
olefins on silica gel, provided a means of obtaining enriched samples of 
a-olefins. 
300 C cut of .hexane solubles obtained from the solvent extraction process. 
The laboratory separation described yielded a water-white olefin fraction 
which was about 75 per  cent a-olefin. 
were  also present. 

Be- 

Figure 6 shows how a-olefins were separated from a 200 to 

Some trans- and tertiary-olefins 

The individual smal l  fractions obtained from the silica-gel separation 
of the olefins from the whole adducted oil  were subjected to further study. 
Table 3 shows the information gained about average molecular weight, 
ratio of a-olefins to total olefins, and total double bonds per molecule a s  
determined by infrared and by bromine number. 
olefin chains ranged f rom 14 to 16 carbon atoms, with most of the fractions 
containing about one double bond per molecule. 
contained somewhat l e s s  unsaturation, which was probably evidence of in- 
complete separation of paraffins from the olefins. 
contained somewhat more  unsaturation which could be evidence of multiple 
unsaturation, although no infrared evidence was found of conjugated unsat- 
uration. 
to suggest the presence of diolefins in which both double bonds a r e  located 
terminally. 

The average length of the 

Earl ier  olefin fractions 

Later olefin fractions 

As these olefins had adducted with urea,  this might be interpreted 

No work was done to prove the presence o r  absence of cyclic olefins 
in neutral  oil ,  although such compounds are'expected to be present. A ring 
analysis was made of the combined paraffin-olefin fraction, as separated by 
sil ica gel, of a 200 to 300 C cut. Various ph sical measurements were  used 

' as recommended by Deanesley and Carleton( B to calculate the results,  which 
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21. WO of Hexane Solubles 

200-300 C Distillation 

Urea Adduct 

2Wo of 200-300 C Cut 8% of 200-300 C CUr 
3.970 of Primary Tar 15.3% of Primary Tar 

Oil Failing to Give Adduct: 
1% Paraffins 

Oil From Adduct 

Silica Gel 

Paiaffin Fraction Aromatic Fraction 
Fraction: l w o  Trans-Olefins - 

4% Tertiary-Olefins 

WO of oil From 
Adduct. 0.3% 
of Primary Tar 

N-56563 . 

FIGURE 6 .  SEPARATION OF A 200-300 C BOILING CONCENTRATE 
OF E-OLEFINS FROM PRIMARY TAR 



-92- 
.1 

indicated about one-fourth of the carbon atoms were naphthenic. 
fraction was found by infrared to contain 6 1  per  cent olefins. 

This same 

TABLE 3. CHARACTERIZATION OF SILICA-GEL CHROhlATOGRAPHY CUTS OF OIL FROM UREA ADDUCT 
OF DISTILLATE OF HEXANE SOLUBLES 

Refractive Ratio of RCH=CHz Total Double Total Double 
Index, Moleculadb) (Alpha) Olefins to Bonddblol Bonds/Mol 

Fraction n: Commenda) Weight Tocal Olefindc) by infrared by Bromination(d) 

1 1.4344 
2 1.4336 
3 1.4328 
4 1.4322 
5 1.4311 
6 1.4337 
7 1.4385 
8 1.4389 
9 1.4381 

10 1.4386 
11 1.4386 
12 1.4388 
13 1.4381 
14 1.4390 
15 1.4392 
16 1.4393 
17 1.4396 
18 1,4391 
19 1.4399 
20 1.4401 
21 1.4412 
22 1.4458 
23 1.4604 . 
24 1.4855 

t 
I 

Paraffins 

Intermediate 
0.14 

0.78 

I 215 
Olefins 

67 Per Cent 
209 

198 
Intermediate 
Aromatics 

0.77 

0.77 

0.77 

0.75 
0.75 

0.6 

0.8 

0.9 

1.0 

1.0 

1.1 
1 . 3  

0.0 

0. I 

0.3 

J 

0.9 

1.0 

1.1 
1. 2 

25 1.4382 d 
1.4330 n-Octanol 26 

t 
20 (a) aaed on "D and infrared spectroscopy. 

(b) Determined cryoscnpically in benzene. 
(c) Determined by infrared spectroscopy. The olefins other than a-olefins remained about 75 per cent uans r 

(RC=$R) and 25 per cent tertiary (R1R2C=CH2) from fraction to fraction. 
H 

(d) Br-BrO3 method, ASTM D1158-55T (1955). Values under 1 probably indicate paraffin contamination 
whereas values over 1 may indicate a small amount of multiple unsaruration. 

Aromatics 

A concentrate of aromatics  was obtained from neutral oil by the u s e  
of butyrolactone a s  selective solvent. 
purified by the use of si l ica gel and sodium amide in attempts to remove 
nonarornatics and particularly the polar compounds. 

The aromatic 'fraction was further 

The material  was 
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carefully rectified a t  reduced p res su res  into 45 fractions over a calculated 
atmospheric boiling point range of 140 to 290 C. 
types of hydrocarbons definitely identified by infrared analysis of the 
individual fractions. 
fractions. 
as major nonhydrocarbon contaminants. 

Table 4 summarizes  the 

Polar  compounds were ev+dent in the higher boiling 
Benzofuran and 2-methylbenzofuran were tentatively identified 

TABLE 4. SUMMARY OF HYDROCARBON TYPES FOUND BY INFRARED 
SPECTROSCOPY IN FRACTIONS OF REFINED AROMATIC 
CONCENTRATE 

Boilina Range, C/1 armos. Characterization 

140-163.0 Principally xylenes 

157.1-131.5 

175.5 -205.0 

Cg aromatics, principally trimethyl 
benzenes 

Cg and higher aromatics including 
indene and hydrindene 

202.0-230.5 Naphthalene plus other aromatics 

222.5-251.5 Methyl naphthalenes 

247.5 -290.5 Possibly dimethyl naphthalenes plus 
other aromatics 

Ring analysis of the aromatic  concentrate based on physical properties 

There  
showed the average structure to correspond to methyl- o r  ethyltetralin. 
However, this figure may be in e r r o r  because of polar contaminants. 
was little evidence of any significant amount of polynuclear aromatics  o r  
long-chain alkylaromatics. 
remove nonhydrocarbon contaminants, elemental analysis showed the con- 
centrate to contain sulfur, nitrogen, and oxygen (by difference). 
nonhydrocarbon material  had the same average molecular weight as the 
aromatics  with one hetero atom pe r  molecule, the various contaminants 
would be present  as follow: 

Even though special efforts had been made to 

If the 

Elemental Percentage Calculated Contaminant 
Hetero Atom in  Concentrate Percentage 

s 2. 4 12. 1 
N 0. 2 2. 5 
0 1.6 16. 1 

These figures total 30 p e r  cent and may be high, a s  oxygen was figured by 
difference. 
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Pola r  Compounds 

A number of separation methods were applied to neutral  o i l  in attempts 
to obtain polar compounds f r e e  of hydrocarbons. The only method that was 
reasonably successful involved use of silica gel and elution chrornotography 
as shown i n  Figure 7. Although other information suggests that neutral o i l  
contains about 20 pe r  cent of polar compounds, only 12 .5  p e r  cent was 
isolated by this particular method. 

Infrared indicated that imino, hydroxyl, and cyano groups were 
present  in these polar compounds. 
was ketones. 
distillable ketones to be pr imar i ly  aliphatic with a la rge  amount of branch- 
ing. 
intar acids. 

However, the major  chemical class 
Further concentration and study of the ketones showed the 

It will be shown i n  P a p e r  IV that ketones are the principal contaminant 

Sulfur-containing compounds a r e  also present  in polar compounds, but 
spec t ra l  evidence is not satisfactory for identification of most classes of 
sulfur compounds. Fu r the rmore ,  although chromatography is often effec- 
tive for the separation of sulfur compounds from hydrocarbons, the sulfur 
compounds i n  lignite t a r  could not be cleanly separated by this technique. 
It has  been found that the sulfur compounds in lignite t a r  are chemically 
quite unreactive. 
to be  present ,  bu t  in relatively low concentration as compared with aliphatic 
and cyclic sulfides. 
strong inf ra red  absorbers ,  any significant amounts would have been 
detected. 

Reactive compounds such as thiols and disulfides appear 

Thiophenes were not present;  since they a r e  relatively 

Summary 

Chemically, pr imary tar is  composed of about 26 p e r  cent tar acids,  
4 p e r  cent ta r  bases ,  and 70 p e r  cent neutral  oil. 
Lignite tar by c lasses  of chemicals is summarized in Table 5. 
m o r e  effort will be needed to obtain m o r e  detailed data. 
t rue  for  the constituents i n  the high-boiling fractions of the tar. 
of the classes of chemicals,  a la rge  number of individual chemical com- 
pounds are present. 

The make-up of Texas 
Considerably 

In any one 
This is particularly 
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TABLE 5. SUMMARY OF CHEMICAL CLASSES IN TEXAS LIGNITE TAR 

Tar acids 
26% 

Low-boiling - % - phenols. cresols. xylenols. ethylphenols 
High-boiling - 21% - phenols. naphthols. indanols. polyhydroxylic phenois 

Neutral oil 
IW 

Paraffins - 1% - straight chain. lightly branched 
Olefins - 2% - alpha, trans-internal, tertiary 
Aromatics - 21% - benzznes. naphthalenes, hydnndeoes, indenes 
Polar compounds - 14% - ketones, sulfides, nitriles 

Tar bases 
4% 

Heterocyclics - 4 q o  - pyridines, quinolines 
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STUDES ON LOW-TEMPERATURE LIGNITE TAR 
111. STUDY OF LOW-BOILING TAR ACIDS 

J. Brewer and Clara  D. Smith+ 
Battelle Memorial  Institute 

Columbus, Ohio 

This paper will describe the analysis of the lignite tar-acid fraction 
boiling below 235 C to determine the relative amounts of phenol, cresols,  
xylenols, and ethyl phenols in  low-boiling tar acids. Some work has been 
previously described in the l i terature with respect to the analysis of alkyl 
phenols in the range of the low-boiling t a r  acids. 
has  been on gas-phase chromatography o r  a combination of gas-phase chro- 
matography and infrared. ( 
available a t  the time the analysis was needed. 
been completed, a paper by Fair and Friedrich(5) was published concerning 
the analysis of alkyl phenol mixtures by infrared. The present  work differs 
from that of Fair and Fr iedr ich  and other previous work on tar acids(6, 7, 8 )  
in that, by this method, the tar acids a r e  converted into methyl ethers and 
the analysis ca r r i ed  out on the ethers.  

Recently the emphasis 

2 ,  3 ,  *I** However, this technique was not 
Shortly after this work had 

The conversion t,o methyl e thers  minimizes the possibility of ambigu- 
i t ies due to thermal and oxidative effects and has severa l  advantages from 
an infrared point of view. 
tered with the f r ee  acids and gives mater ia l s  that a r e  liquid at  room tem- 
perature,  eliminating the need for solvents. 

It eliminates a band-overlap problem encoun- 

Emer imen ta l  Procedure 

. A crude distillate was caustic washed, the separated sodium deriva- 
The r e -  tives benzene extracted, and the tar acids then sprung with acid. 

constituted tar acids were methoxylated according to the method of Rowe 
and Bannister, et al. (9) ,  and the unconverted portion subjected to a second 
treatment. Infrared showed little 
difference in the two se ts  of ethers,  which indicated that methylation had not 
concentrated any particular tar-acid ether. 

The combined yield was 95 p e r  cent. 

The methyl ethers were 

*Present Address: Infrared Spectroscopist ar Evansville, Indiana. 
aThe superscript numbers refer to literature references lisred at end of paper. 
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combined and frachonally distilled through a Podbielniak Iiypercal colwnn a t  
reflux ratios of 2011 to 4011 at one atmosphere under nitrogen. Seventy- 
seven cuts were taken up to the boiling point of 3,4-xylenol methyl ether,  
the highest boillng isomer.  
against weight p e r  cent of the charge distilled as shown in Figure 1. Even 
when the distillation was taken to a point corresponding to ten additional 
cuts, the residue w a s  st i l l  fluid, inacat ing l i t t le polymerization or decom- 
position. However, the mater ia l  boiling above Fraction 78 consisted of 
methyl ethers of t a r  acids with boiling pornts above the xylenols.’ 

The boding points of the cuts were plotted 

--&From the boiling-point curve, cuts were chosen for spot checlung by 
infrared. * At the points on the curve where the broiling point. ro se  sharply, 
the r i s e  was brack’eted by choosing cuts on either side. From the spectra 
of these cuts, it w a s  determined that cuts in some boiling-point ranges 
could be recombined for analysis. 
(methyl ether of phenol). 
centage of several  following cuts, the per cent of phenol could be easily 
calculated. 
methyl anisole isomers.  Cuts 54  through 77,  however, necessitated a cut- 
by-cut analysis for five to s ix  components per cut. 

The f i r s t  seventeen cuts were anisole 
From the total weight of these cuts, plus a per- 

Cuts 23 through 53 were combined and anall-zed for the three 

P u r e  methyl e thers  of phenol and the cresols  for use a s  standards 
were available by direct  purchase. 
pared at Batselle f rom Zurchased xylenols. 
synthesized and methylated at Battelle. 
see Table 1. 

TABLE 1. ANALYTICAL WAVELENGTHS OF MFlXTL ETIWS OF LOW-BOItING TAR A C E S  

Methyl e thers  of the xylenols were pre-  
The ethyl phenols had to be both 

For  boiling points of the standards, 

Analyncal 
Boilmg Range Absorption Band. Basehe Usea, 

Methyl Ether of Known Ethers. C a P 

Methoxybenzene 
2-Methylmetboxybenzene 
4-Merhylmethoxybenzkne 
3-Methylmethoxybenzeae 
2.6-Bimethylmerl1oxybenzene 
2-Ethylmethoxybenzene 
2.5-Dimethylmerhoxybene 

2 . 4 - D i m e t h y l m e t h o x y b e  

3-Ethy lmethoxybenzene 
3,5-Dimmethylmerhoxybenzene 
4-Ethylmethoxybenzene 

2.3-Dimethylrnethoxybenzene 
3.4-Dimethylmethoxybenzene 

152-154 
170-172 
173-174 
175-176 

181.5-182.5 
184.5-185.5 
189.5-190.5 

190.5-191.0 

192.0-193.0 
194.5-195.5 
195.5-196.0 

195.5-196.0 
200.5-201.5 

14.47 
14.01 
f2.23 
14.49 
9.15 

13;30 

I t  85 

13.29 
14.41 
9.33 

8.52 
9.02 
8.30 

12.52-14.90 
E. 52-14.90 
10.70-13.65 
14.20-14.90 
7.50-9.25 

12.90-13.90 

1;; E:&} 
19.10-13.76) 
13.75-14.90 

7.50-9.25 

9.20-9.90 

7.40-10.40 
7.40-10.40 

*The infrared imrmment used for thh work was a Perkin-Elmer Model 21 Spectrophotometer with sodium 
chloride optics. 
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Spectra were obtained on the standard methyl ethers in the same cell  
A continuous check w a s  maintained to be used eventually for the samples. 

on the cell  to make certain no change in cell  thickness (0.0053 mm) oc- 
curred. 
bands) was selected for  measurement  of the ether in a mixture. 
ticular wavelength chosen fo r  measurement  was selected on the basis of: , 
(1) minimum interference a t  that wavelength from absorption due to other 
ethers which, f rom boiling points, might reasonably be expected to occur in 
the same cut; (2)  a relatively strong band compared with the r e s t  of the 
spectrum; and ( 3 )  conformance with Bee r ' s  law a s  checked by analysis of 
synthetic blends. 
Table 1. 

From the spectrum of each standard methyl ether, a band (or  
The par- 

The selected wavelengths for each compound a r e  noted in 

Band intensities a t  each selected wavelength in standards and samples 
were measured by the baseline method. 
the standards at  each selected wavelength. 
the underlined figure is  the optical density in the 0.0053-mm cell of the 
band chosen for analysis. The other figures indicate the relative amount of 
interference from the other methyl ethers at the selected wavelength. P e r -  
centages of individual components were  calculated- by solution of simultane- 
ous equations. 

Table 2 gives optical densities of 
Horizontally, across  the table 

The method of successive approximation was used. 

TABLE 2. ABSORPTION COEFFICIENTS AS MEASURED FROM METHYL-ETHER 
STANDARDS OF XYLENOIS AND ETHYLPHENOLS * 

Substituted 2.6- 2- 2.5- 2.4- 3- 3.5- 4- 2.3- 3.4- 
Merhoxybenzene Dimethyl Ethyl Dimethyl Dimethyl Ethyl Dimethyl Ethyl Dimethyl Dimethyl 

2.6-Dimethyl 
2-Ethyl 
2. +Dimethyl (1) 

2,4-Dimethyl(l) 

3 -Ethyl 
3,s-Dimethyl 
+Ethyl (1) 

2,3-Dimethyl 
3,I-Dimethyl 

( 2) 

(2) 

(2) 

The accuracy for this work is probably about *10 relative per  cent. 
The accuracy of the analysis could be considerably improved by use of aver- 
age optical densities obtained from duplicate o r  triplicate spectra of sam- 
ples and standards instead of the single determinations used in this case. 
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Results 

! 

, 
1 
1 

Table 3 shows the tar-acid composition based on the analysis as per- 
formed on the e thers  prepared f rom lignite tar .  
m a r y  ta r  used for  this work contained about 0 . 8  per  cent of phenol. 

By calculation, the pri- 

TMLE 3. COMPOSITION OF c g  THROUGH C8 TAR ACIDS AS CALCULATED FROM 
INFRARED ANALYSIS OF THEIR METHYL ETHERS 

Relative Amounts of Isomers of 
Each Type of Tar Acid, 

Concentration Per Cent of Each Tar-Acid 
Isomer in Respect to Total Amount of 

Compound weight per cent Tar Acids Identified 

Phenol 100 Phenol ,21 

2-Methylphenol 
3 -Methylphenol 
+Methylphenol 

2.3-Dimethylphenol 
2,4-Dimethylphenol 
2,5-Dimethylphenol 
2,6-Dimethylphenol 
3.4-Dimethylphenol 
3,s-Dimethylphenol 

2-Ethylphenol 
3 -Ethylphenol 
4 -Ethylphenol 

32 

Xylenols 

14 
18 

1 7 7  . ;; 1 Ethylphenols 

;;} 44 
14 

3 :Il8 
2 
3 

”> 11 
5 

\ 

ACKNOWLEDGMENT 

In addition to the acknowledgments given in the f i r s t  paper of this 
se r ies ,  the work of D. C. Rowlands is appreciated for the preparation of 
the methyl e thers  used as standards. 

REFERENCES 

(1) Karr ,  C . ,  J r . ,  Brown, P. M . ,  Estep, P. A . ,  and Humphrey,.G. L., 
Anal. Chem., 2, 1413 (1958). 

( 2 )  Karr ,  C. ,  J r . ,  Brown, P. M . ,  Estep, P. A . ,  and Humphrey, G. L. ,  
Fuel, 37 227 (1958). -, 



-102- 

(3) Irvine, L . ,  and Mitchell, T. J . ,  J. Appl. Chem., 8, 425 (1958). 

(4) Irvine, L . ,  and Mitchell, T. J., J. Appl. Chem., 8, 3 (1958). 

(5) Fair, F. V . ,  and Fr iedr ich ,  R'. J., Anal. Chem., 41, 1886 (1955). 

(6) Ando, S., and Uchida, M.,  Coal Ta r  (Japan), 5, 14  (1953). 

(7) Friedel,  R. A . ,  Pei rce ,  Lois, and McGovern, J. J. ,  Anal. Chem., 22, 
419 (1950). 

(8) Whiffen, D. H., and Thompson, H. W . ,  J; Chem. S O C . ,  1945, 268. 

(9) Rowe, F. ,  Bannister, S., e t  al., J. SOC. Chem. Ind., 3 469-473T 
(1930). 



1 

Not for  Publication 
Presented Before the Division of Gas and Fuel  Chemistry 

American Chemical Society 
Boston, Massachusetts,  Meeting, April 5-  10,  1959 

STUDIES ON LOW-TEMPERATURE LIGNITE TAR 
IV. STUDY O F  HIGH-BOILING TAR ACIDS 

D. C. Rowlands* , W. H. Powell**, and E. Jack Kahler 

Columbus , Ohio 
Battelle Memorial  Institute 

Introduction 

The purpose of the present work was to obtain enough insight about 
the constitution of the high-boiling t a r  acids that the merits of various 
possible industrial  outlets might be properly considered. It was desired to 
demonstrate the presence of various molecular types in specific vacuum- 
distillation fractions, and where possible , to make a logical estimate of the 
proportion in which these types were present. 

Summary 

Adsorption chromatography paper and gas partition chromatography, 
nonaqueous titrations to determine average equivalent weights, infrared 
spectroscopy, mass spectroscopy, and certain specific color reactions to 
identify c lasses  of tar  acids were all used in this study. 
compounds identified by these techniques are shown in Table 1. No one 
class  of tar acids was predominant, but the presence of the various classes 
of compounds varied with the boiling range being studied. In general  i t  may 
be said that the alkyl side chains appeared to consist  pr imari ly  of methyl 
and ethyl groups. 

The types of 

OPresent address: Chemical Abstracts. Columbus, Ohio. 
*resent address: The Ohio State University, Columbus, Ohio. 
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TABLE 1. CLASSES OF COMPOUNDS IDENTIFIED IN HIGH-BOILING TAR ACIDS 

~~ ~~ 

(1) Alkylphenols w ~ r h  the total number of alkyl carbon atoms bemg from 3 to 6 

(2) Catechol, resorcmoi, and hydrcqlunone and theu alkylated derlvauves 

(3) Trlhydric phenols (probably a small quanuty) 

(4) Indanols and alkylated mdanols 

(5) Naphrhols and alkylated naphthols 

(6) Higher molecular weight polynuclear phenols 

(7) Ketones (appeared in all 18 distillation fractions of high-boiling rar acids) 

(8) lndenols and acenaphthols were tentatively identified by mass spectrography in addition to classes noted 
above 

Expe rimental and Discus s ion 

Preparation and Pre l iminary  Examination 
of Tar-  Acid- Fractions 

1- 

A broad cut of crude tar acids was obtained f rom vacuum-flash 
distillate of pr imary tar by caustic extraction. 
distilled under vacuum, and a rough cut (bp 200-335 C / 1  atm) was collected 
for subsequent study. 
through a 65 x 2.5-cm OD column packed with 1/8-inch glass helices. 
Atmospheric boiling points a t  vigorous reflux and refractive indices of the 
collected fractions a r e  shown in the left-hand portion of Figure 1. 
right-hand portion of F igure  1 indicates the results of titrations for 
carbonylic content by the use  of hydroxylamine hydrochloride. ( l ) *  This 
was attempted after qualitative infrared scanning indicated the presence of 
carbonylic components. 
pound were calculated with the a id  of molecular-weight approximations 
based on nitrogen analyses of 2,4-dinitrophenylhydrazones. The presence 
of compounds which a r e  probably not phenols and possess the carbonyl 
function was unexpected since the precaution was taken of c ros s  extracting 
the caustic solution of tar acids during their isolation. 

The crude tar acids were 

This cut was fractionated at reduced pressure  

The 

The figures for weight per  cent of carbonylic com- 

Equivalent weights of the various fractions a s  shown in the right-hand 
portion of Figure 1 were determined by nonaqueous titration with sodium 
methoxide in pyridine(2) and have been corrected for content of carbonylic 
compounds. 

1 

1 

‘References are located at the end of this paper. 

I 
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The tar acid equivalent weights, shown in Figure 1, indicate that the 
content of dihydric phenols varied with the boiling range, but probably their 
proportion never exceeded one-fifth of the tar acids in any given boiling 
range. 

It may be noted that tar-acid equivalent weights were reflected to 
some degree in changes in the refractive indices as presumably were a l so  
changes in content of alkyl side chains and concentration of polynuclear 
phenols. 

Tests were made with 2,4,7-trinitrofluorenone reagent(3,4) to 
determine whether appreciable quantities of polynuclear phenols were 
present in specific distillation fractions. 
obtained for Fractions 7 through 9; however, Fractions 10 through 18 gave 
a strongly positive tes t  for polynuclear phenols. 

Only a slight positive tes t  was 

In order to determine the presence of hydro-polynuclear phenols 
dehydrogenation experiments combined with ultraviolet characterization of 
the products were attempted. 
pounds, but no dehydrogenation was obtained with Fraction 12, either be- 
cause the palladium catalyst had been poisoned by sulfur compounds o r  
because no significant amount of hydro-polynuclear phenols was present. 

The method worked well with known com- 

I 

Chromatography of Tar-Acid Fractions 

Column and partition chromatography were also used in this investi- 
Both of these techni ues have been used previously to separate gation. 

mixtures  of ta r  acids. (5~6~77 Fraction 3 was selected to determine a 
procedure 
been identified a s  described in the previous paper of this ser ies .  Infrared 
examination of each cut obtained from the chromatography of rather large 
samples  (1- log) on a large column* showed that, qualitatively, appreciable 
separation was being achieved. Moreover; the same relative degree of 
separation was obtained whether the tar-acid methyl ethers*+ were 
chromatographed on activated alumina, o r  the f ree  tar acids on a silicic 
acid-celite mixture. In fact ,  a few specific compounds could be identified 
by characterist ic infrared bands. This procedure was sufficient for this 
relatively low-boiling fraction, but for the higher-boiling fractions, which 
were more  complex, it was necessary  to supplement the infrared study of 
each cut with paper o r  gas partition chromatography. 

since many of the tar acids boiling in this range had already 

First, a study was made of the column and paper chromatography of 
selected known phenols, both separately and in known mixtures. 
mil l igram sample was developed on a 13 x 200-mm column of silicic acid 

A one- 

Sizes ranged horn 1 x 35 -h to  2 x 67-in.co1umos. 
%epared by the method of Woolfolk. Columbia, et al., Bulletin 487. U. S. Bureau of Mines (1950). p. 34. 

,/ 

/ 
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with 15 per  cent ether-petroleum ether.  
streaked with alkaline permanganate solution. 
the permanganate to brown MnO2. The column was a l so  streaked with a 2 
per  cent solution of phosphomolybdic acid and exposed to ammonia vapors. 
It is known that catechol and hydroquinone develop a blue color before 
exposure to ammonia vapors, whereas  all other phenols develop a blue 
color after exposure to ammonia vapors.  (8) The band positions in milli- 
meters  f rom the top of the adsorbent a r e  shown in Table 2. 
that a reasonable separation was achieved. 
could be identified f rom synthetic mixtures. 

The column was then extruded and 
All c lasses  of phenols reduce 

It can be seen 
Various c lasses  of phenols 

Known phenols were developed by the ascending method with a 
benzene-acetic acid-water mixture on a s t r ip  of Whatman No. 1 filter 
paper. This developer is known to separate dihydric phenols easily f rom 
alkyl phenols. (7) An excellent separation could be achieved, and here 
identification of individual phenols could be made f rom synthetic mixtures 
as shown for three phenols in Table 3.  Further,  the relative concentration 
and the amount of substitution of each phenol could be estimated. After 
these preliminaries,  a detailed study of Fractions 6 and 12 was undertaken. 
Where applicable the same techniques were used for other fractions. 

Studv of Fraction 6 Tar  Acids 

Fraction 6 of the t a r  acids was chromatographed on $large  silicic 
acid-celite column and developed gradiently with ether-petroleum ether 
mixtures. 
dic reagent and ammonia. 
F o r  further study, these cuts were combined systematically into four 
composites. 
composites. 

Each of the 300, 10-ml cuts was tested with the phosphomolyb- 
Dihydric phenols were found in Cuts 176-300. 

Table 4 shows the results of the study of each of the 

It is known that ortho and para  dihydric phenols-. reduce ammoniacal 
si lver nitrate solution, whereas  meta  dihydric phenols do not. (8) When 
each composite was tested with this reagent, Composite 3 gave a very  
faint t es t  and Composite 4 a strongly positive test. 

Infrared examination showed that, although each composite was 
complex, some information relative to compound types could be obtained. 
F o r  example, it could be shown that the f i r s t  two composites were  
structurally similar. 
side-chain carbon atoms consisting mainly of methyl and ethyl groups. 
Composite 2 showed l e s s  aliphatic SH absorption and had three absorption 
bands corresponding to 5-indanol. The first three composites all showed 
a carbonyl contaminant, estimated at about 10 p e r  cent. 
showed very  little aliphatic CH absorption, probably l e s s  than an average 
of two carbon atoms per ring. 
adjacent ring hydrogen atoms,  indicating catechol derivatives. 

They were predominantly alkyl phenols with 4 to 6 

Composite 4 

The aromatic  position bands showed 3 or  4 
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TABLE 2. CHROMATOGRAPHY OF KNOWN PHENOLS ON SILICIC ACID 

Phenol Band Position. mm 

Hydroquinone 0-10 

Hexylresorcinol 2-8 

Catechol 8-20 

b-Naphrhol 30-55 

p-Phenylphenol 45-65 

5-Indanol 60-90 

p-t -Butylphenol .10-100 

Octylphenol 95-120 

TABLE 3. Rf VALUES FROM PAPER CHROMATOGRAPHY OF KNOWN 
PHENOLS WITH BENZENE-ACETIC ACLD-WATER (3:3:1) 

Rf  Values 

Phenol Liter aturd 7) Found 

Hydroquinone 
Resorcinol 
Catechol 
4-Methylcatechol 
4,5-DimethyIcatechol 
3-Methylcatechol 
3,4-DimethyIcatechol 
3,5-Dirnethylcatechol 
3-Erhylcatechol 
5-lndanol - 
Alkylmonohydric phenols 

0.12 
0.13 
0.36 
0.46 
0.52 
0.60 
0. I1 
0. I1 
0.80 
0.99 

About 0.99 



-109- 

i 
TABLE 4. CHARACTER OF COMPOSITES OF CUTS OBTAINED FROM CHROMATOGRAPHY 

OF FRACTION 6 ON SILICIC 4 C D  - CELITE 

i 
I 

I 

i 

I 

~~~~~~ 

Phosphomolybdic 
Wt. To Refractive Ammoniacal Acid Test 

Composite Cuts Recovered(a) Index AgN03 Test Before NH3 After NH3 Conclusions 

1 51-86(b) 48 1.5351 -- -- + Akylphenols, 
indanols, 
- no dihydric 
phenols 

2 87-98 1 0  

3 97-175 21 

4 176-319 22 

+ Same as above, 
more indanols 

-- -- 1.5472 

-- Faintly + ..- . + . Alkylphenols 
and indanols, 
some dihydric 
phenols 

+ + + Highly 
substituted 
mostly 
dihydric 
phenols 

(a) Over-all recovery. 75 per cent. 
(b) The first 50 cuts were only solvent. 

TABLE 5. PAPER CHROMATOGRAPHY OF COMPOSITE CUTS OF 
CHROMATOGRAPHED FRACTION 6 TAR ACWS 

~~ 

Intensity 
Composite Rf Value Size Factor Remarks 

1 All on solvent front -- Alkyl phenols and indanols; no dlhydric phenols 

2 All on solvent front -- Same as above 

3 0.53 
0.73 

0.97 
0. a i  

4 0.12 
0.33 
0.45 
0.58 
0.83 
0.97 

1 
1 substituted catechols 
3 
9 

Predominantly alkyl phenols and indanols, possibly some 

<1 Predominantly carechol and substituted catechols. Small 
4 
3 
6 
2 
1 

amount of alkyl phenols and/or indanols. 
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Table 5 shows the results of paper chromatography of each composite. 
The intensity-size factor of each spot was a visual estimation and was an 
indication of concentration. 
clusions drawn f rom infrared examination. 

The results of this study confirm the con- 

Study of Fraction 12 T a r  Acids 

Fraction 12 was s o  complex that even the procedure followed for 

A sample of Fraction 12 t a r  acids was 
Fraction 6 was not satisfactory.  
gas chromatography was used. 
methylated a s  quantitatively a s  possible and chromatographed on activated 
alumina, developing gradiently with ether-pentane mixtures,  Then, 10 to 
20-microliter samples of selected cuts were gas chromatographed+ and 
separate  cuts were collected. Figure 2 shows the chromatogram and the 
degree of resolution obtained. Infrared examination of each of the cuts 
f rom the gas chromatographic separation showed that indeed a good 
separation was effected. 
of only a few compounds. 
naphthalene. 
naphthols, and indanols had been available many more  compounds might 
have been identified. 

In place of the paper chromatography, 

Most of the cuts were simple mixtures composed 
In fact, Cut 7 was found to be pure 2-methoxy- 

If m o r e  reference spectra of methyl ethers of penols, 

Table.6 shows a summary of the fractions of tar acids and the in- 
formation that we can give about them a t  this time. 
Fractions 12,  13, 14, deposited up to 6 pe r  cent of the same solid ma- 
terial .  
ter ia l  appeared to be a pure alkyl-substituted dihydric phenol, such as a 
substituted hydro quinone. 

Upon long standing, 

F rom paper chromatography and infrared study, this solid ma- 

'I 
1 

Mass Spectroscopy of Ta r  Acids 
in Methanol Solubles 

A sample of methanol solubles was supplied to D r .  Irving Wender of 
This material  was the U. S. Bureau of Mines a t  Bruceton, Pennsylvania. 

analyzed by mass  spectroscopy using a low ionization voltage to suppress 
all but the major peaks. Table 7 summarizes the spectrogram obtained 
with relative peak heights a t  the highest sensitivity.. No effort was made 
to ass ign quantitative values to the various mass numbers a s  standards 
were not run. These data support the evidence obtained in the work just 
described, and i t  is evident that a large number of homologues a r e  present 
for each tar-acid nucleus. 
acenaphthol families are of interest ,  as these were not identified in the 
chromatographic work. 
trimethyl silyl e thers  of the methanol solubles and obtained much the same 
pattern except the whole s e r i e s  w a s  shifted to higher masses .  

The se r i e s  of tar  acids that fit the indenol and 

Dr. Wender also obtained spectrograms for the 

*A modified Recco Distillograph Model D-2000. Research Equipment Corporation. Oakland, CaUfornia. 
Runs were done at 230 C on a 10-foot column of crushed firebrick coated wirh Apiezon N s e a s - .  
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FIGURE 2. GAS CHROMATOGRAM O F  CUT 5 FROM CHROMATOGRAPHY OF 
FRACTION B-12 TAR ACID METHYL ETHERS ON ALUMINA 
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TABLE 6. SUMMARY OF INFORMATION ABOUT FRACTIONS OF HIGH-BOILING TAR ACIDS 

Approx. Equiv. Wt. 
Fracuon B. P. of Phenols Remarks 

. 1  

2 

, 3  

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

199 

213 

223 

229 

237 

245 

253 

262 

269 

278 

286 

293 

298 

305 

_- 

3 12 

318 

3x 

116 

123 

140 

140 

129 

126 

127 

117 

129 

131 

143 

146 

153 

112 

157 

167 

174 

175 

C1-Cc.z alkylphenols 

C l C 3  alkylphenols 

C2C3-C4 alkylphenols 

C 3 C 4  alkylphenols; traces of catechols 

c 3 C 4 - C ~  alkylphenols; traces of indanols; catechols and/or 

, 

substituted catechols, 22 per cent 

c 3 - C q - C ~  alkylphenols; indanols; catechols and substituted 
catechols, about one-fifth of the fraction 

Similar to Fraction 6. possibly more indanols and substituted 
catechols 

More substituted catechols; traces of resorcinol 

Highly substituted catechols; traces of resorcinols 

Similar to 9; about 20 per cen: dihydric phenols, some substituted 
resorcinols; traces of polynuclear phenols 

Traces hydroquinone; posslbly polynuclear phenols 

2 per cent solid materiai, probably a substituted hydroquinone; no 
evidence for hydrogenated polynuclear phenols; definitely 
polynuclear phenols 

6 per cent of same solid as 12; polynuclear phenols , 

4 per cent of same solid as 12; low dihydric content; polynuclear 
phenols 

Dihydric polynuclear phenols or nihydric aikylphenols 

Polynuclear phenols 

Polynuclear phenols 

Polynuclear phenols 
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TABLE 7. MASS SPECTRDGRAPH OF TAR ACIDS IN METHANOL SOLUBLES 

Relative Peak Heights for Indicated Tar Acids(a) 

H 34 
C1 71 
C2 . . 60 
c3 29 
c4 9 
c5 5.2 
c6 4.0 
C l  2.5 
C8 1.0 

7 9 5.5 1. I 
11 16 13.8 3.2 
17.5 18.6 15 3.2 
3.4 14.1 8.6 2.0 
2.3 7 3.8 
1.0 2.4 1.4 

1.0 1.2 
1.0 

5.0 
4.2 
.4.1 
3.1 
1. I 

(a) Peak heights below a value of 1.0 are not noted. 
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Introduction 

One of the major uses f o r  coal-tar pitch is as an electrode binder for  
Soderberg electrodes in the aluminum industry. 
whether a pitch is  of suitable quali ty f o r  use i n  production electrodes i s  t o  
prepare and bake a t e s t  electrode using t i e  p i tch  and a standard calcined petroleum 
coke, and then t o  determine the compressive strength and other physical characteris- 
tics of the electrode.. However, there appears t o  be very l i t t l e  published in the  
l i t e r a tu re  on the  me 

(approximately 6 inches in diameter and 8.5 inches long), which necessitates the use 
of large and expensive equipment f o r  mixing and baking. An improved modification 
of t h i s  method was developed so that readily available laboratory-size equipment 
could be used t o  prepare a batch of four t e s t  electrodes, 1.25 inches in diameter 
and 4 inches long. 

The accepted method of determirhg 

ods used fo r  preparing and tes t ing  carbon electrodes. One 
method i s  describsd,l Y but it involves the  preparation of re la t ive ly  large electrodes 

This procedure was used in a program t o  r e h t e  various properties of a 
pitch t o  its electrode-binder characterist ics.  

Experimental 

PreDaration of Test Electrodes 

DE electrode paste which i s  made from a mixture of the pitch and petrc- 
leum coke par t ic les  (see Table I )  i s  baked in a graphite mold. The molds are 
prepared from graphite rods 1-5/8 inches in diameter (Nztional Carbon Company, 
Type AGX or AJX) which are cut i n to  pieces 5 inches long. A hole 1-1/.!+ inches in  
diameter is  d r i l l ed  throughout the length of each piece. 
witin a tapered reamer so tha t  the inside diameter of the one end is  1-9/32 inches 
and the other end is l-l/4 inches. 
trode a f t e r  baking. The inside of the mold is then l ined by gluing in a layer of 
Kraft wrappi% paper. A template i s  then used t o  aid in drilling 96 vent holes 
0.076 inches i n  diameter (#48 d r i l l )  through the graphite she l l  of the  mold (see 
Figura 1). 
acd punching vent holes i n  the  l iner .  

one-quart sigma blade mixer (Charles Ross and Son) where it is melted a t  a tempera- 
tu re  of about 130OC. For pitches with a softening point of about 90OC, ten minutes 
i s  usually sufficient.  The mixer blades are placed in to  motion, and t i e  previously 
heated (120-130°C) petroleum coke par t ic les  are added s ta r t ing  w i t h  the coarsest 
fraction and allowing f ive  minutes of mixing between the addition of fractions. 
After the  last f rac t ion  is  added, the paste i s  mixed fo r  five minutes. 

The d r i l l ed  hole i s  reamed 

This taper permits easier removal of the elec- 

I f  desired, the molds can be reused several times by cleaning, relining, 

The pitch is broken in to  s m a l l  pieces and placed in to  a steam-jacketed, 

* present Address: Atlas Powder Company, Wilmington, Delaware 
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Table I 

ComDosition of Paste Used in Pre~arinq Test Electmdes 

Component 

Pitch 

Weight, 4 Weight Per  Cent 

262.8 31.1 

Calcined Petroleum Coke 
10 to  30 Mesh* U6.7 13.8 
p t o  50 Mesh 93.4 11.0 
50 t o  100 Mesh UO.0 13.1 
100 t o  200 Mesh 75.9 9.0 
200 t o  325 Mesh 58.4 6.9 

12.2 - 15kL' 325 t o  Pan - 
Total 846.3 100.0 

* U. S. Standard Sieve Sizes - 

While the paste is being mixed, four of the graphite molds are heated t o  
about 12OOC using an e lec t r i ca l  beaker mantle in which the  molds rest on a f l a t  
graphite plate. 
taken d i rec t ly  from the mixer u s i q  a metal rod as a tamper t o  achieve a uniform 
density. 
mold. 

The molds are gradually f i l l e d  in turn gith small portions cf paste 

The paste behaves as a heavy f l u i d  after it has been evenly packed in +the 
Each mold is f i l l e d  to  w i t h i n  one-half inch of the top. 

The f i l l e d  molds a re  then allowed t o  coo l  and tho paste form a hard solid. 
Two grams of petroleum coke par t ic les ,  200 t o  325 mesh, are placed on top 3f the 
so l id i f ied  paste. The four molds are placed in a holder (Fi-oures 2 arc? 3) uhich is 
used during the baking. Nine-pound s t e e l  weights are placed on top of the paste t o  
simulate somewhat crudely the  weight of the unbaked paste above *e Soderberg elec- 
trode in an actual furnace. The weights are  kept in place and guided by the t o p  of 
the mold holder. 

Description of Baking Auparatus 

A schematic diagram of the en t i re  baking assembly is  given in Figure 4 .  
The electrodes are baked i n  a specially d e s i e e d  r e t o r t  fabricated from tme 310 
stainless s t e e l  (Figure 5). 
the nitrogen purge gas, and an ex i t  tube for the vapors carried out by the gas. 
ex i t  tube is  wrapped Kith nichrome heating wire t o  prevent t he  pitch vapors from 
condensing. The furnace used i s  a Hevi Daty Model 506 e l ec t r i ca l  crucible furnace 
with an opening j inches in diameter and 9 inches deep. A Erown I n s t m e n t  Capany 
C-type program controller i s  used t o  control the baking cycle over t h e  range fMm 
25 t o  1000°C. 
second thermocouple placed near the furnace heating element i s  used as the controlling 
point. Controller cams se re  prepared by trial and er ror  in order to obtain the 
proper temperature program a s  measured by the  thermocouple inside the r e to r t .  

Openings a re  provi,ded fo r  a chromel-alumel thermocouple, 
The 

Due t o  the s l o w  response of the  thermocouple inside the re tor t ,  a 

B a k k v  of the Electrodes 

The holder containing the molds i s  placed in the r e to r t ,  and the top is 
Nitrogen which has bolted on using a metallic gasket t o  obtain an a i r t i gh t  seal. 

been passed over copper gauze a t  600-65OoC to remove t races  of oxygen i s  used as an 
i ne r t  atmosphere t o  prevent oxidation inside the r e to r t  during baking and cool-. 
The electrodes are baked according t o  the schedule given in Table 11. L f e r  the 
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r e to r t  has cooled t o  15OoC, the molds containing the baked test electrodes a re  
removed. 
with the aid of a hydraulic press. 

The electrodes ?e carefully removed from the  molds by pressing them out 

Table I1 

B a k i n g  Schedule for  Test Electrodes 

Temperature, C Time, Hours 

25-200 
200-500 
500-1000 
Soak a t  lo00 

2.0 
12.0 
8.5 . 
1.0 - 

Total 23.5 

Electrical  Res is t iv i ty  of the Electrode 

Tne t e s t  specimen is  prspared for the e l ec t r i ca l  r e s i s t i v i t y  measurement 

The r e s i s t i v i t y  is then measured with the apparatus 
by facing off each end on a latine so tha t  the snds are para l le l  and the distance 
between them is  >1/8 inches. 
shorn in Figure 6. 
fixed brass points (3.0 inches apart) t o  which the  poten t imeter  leads are attached 
are placed against the  electrode and held firmlf i n  place by a 1000 g weight. 
h o r n  current i s  passed through the  electrode by closing the c i r cu i t ,  and the  poten- 
tial drop i s  measured mith the potentioneter. Four readings, 90 degrees apart, =e 
taken sound the  circunference of the electrode and averaged. 
then calculated from the folloming formula: 

The specimen i s  firmly secured be tveenthe  brass plates.  The 

A 

The r e s i s t i v i t y  is 

P = r e s i s t i v i t y  (ohm-cm) = EA 
IL 

where E (volts)  i s  the  potential  drop, A (sq cm) is the  area of the end of the 
electrode, I (amp) i s  the current in the system, and L (cm) i s  the distance between 
the contact points. 

ADparent Densitp 

The apparent density of the  t e s t  specimen of the  electrode in grams per 
cc is determined d i rec t ly  by d i v i d i q  the  weight ( i n  grams) by the  t o t a l  volume 
(in cc's) .  

Comuressive Strength 

Each specimen i s  then cut on a band saw t o  obtain two pieces, which a f t e r  
grinding on a surface grinder i n  a special  holder (Figure 7) to obtain para l le l  ends, 
yield pieces 1.25 inches i n  height. 

The compressive strength of each piece i s  determined on a compression- 
test-ff machine (Tinius-Olsen Company) u s i q  a ram speed of 0.05 inches per minute. 
The resu l t s  of all the determinations (usually 6 t o  8) are then averaged. 

Results and Discussion 

The preliminary work on developing the method was based on the  use of a 

The re su l t s  obtained for 
4&h& balcing cycle. 
results,  baking cycles of 15 and 23.5 hours were t r ied .  

In  order t o  shorten the amount of time involved in obtaining 



four different pitches are given in Table 111. 
range studied the length of t i e  baking cycle does not have a si@ficant e f fec t  on 
the compressive strength. 
a tendency t o  develop cracks on the surface. 
was adopted as the standard baking period. 

The data indicate that over 'he 

Xorpever, %ith the 15-hour cycle, the electrodes showed 
Because of this,  the 2 3 . 5 4 0 ~  schedula 

Table I11 

Effect o f  Length of Bakinq Cycle on the  
Compressive Strength o f  the  Electrode 

- Pitch* 

L 
B 
E 
H 

Compressive Strength, kg/sq cm 

15-Hom 23.5-Bcur - 
@7 470 481 - 295 281 - 297 295 

319 335 

L&-FlOUr 

* See Table N for pitch properties. 

Table IV 

ProDerties of Pitches Used f o r  Preoariag Test Electrodes 

Pitch 
SmDle 

A 
B 
C 
D 
E 
F 
G 
H 
I 
d 
K 
L 

- 
Softening 
Point, c . 

Cube-in-Air2) 

86.0 
88.2 

' 88.6 
89.0 
89.2 
90.2 
90.6 
91.1 
93.5 
94.9 

103,O 
106.3 

Benzene 
Insoluble, 

26.2 
13.0 
31.7 
33.2 
20.2 
32.6 
17.5 
21;2 
29.7 
28.0 
30.8 
27.9 

T i t  $31 

coking Carbon: 
Value iiy-gen 
w t  ~441 Ratio 

53.4 1.82 
49.8 1.60 

58.6 1.80 
51.9 1.64 
57.1 1.93 
50.2 1.78 
50.1 1.75 
54.1 1.87 
52.7 1.76 
56.4 1.83 
59.5 1.79 

53.5 1.n 

Char ac t eri za- 
t i o n  Factor 
>Io. l* 

97.2 
79.7 
91.5 

105.5 
85.1 
u0.2 
89.4 
87.7 

101.2 
92.8 - 

103.2 
106.5- 

Ccmpressive 
Strength, 

463 
357 
4.26 
$49 -~ 

394 
5 7 7  

. 461 
42.4 
492 
5a- 
49 5 
470 

'&/SQ CUI 

Coking value nxultiplied by. the  atomic carbon:hydmgen ratio. * 

Compressive strength determinations, e l ec t r i ca l  r e s i s t i v i t i e s ,  and apparent 
densit ies f o r  a typical batch of t e s t  electrodes are given in  Table V. 
compressive strength determinations w i t h i n  a batch show a scmewhat high deviation, 
the f ac t  t ha t  the f i n a l  comnressive strength value is the ave rqe  of 6 to  8 results 
gives reproducible r e su l t s  between batches. 

.Although t i e  

This is  demonstrated in Table VI, whzre 
duplicate determinations are given fo r  f ive  d i f fe ren t  pitches. '. 
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Table V 

Characteristics of Electrodes Produced from Pitch G 

Whole Electrode 
Apparent Resistivity,  

Electrode No. Density, a/cc ohm-cm 

1 1.43 0.0064 

2 1.w 0.0066 

3 1.40 O.W?l 

1.42 0.0066 

Average 1.42 0.067 

- 4 

* Not tested,  

Pitch 

C 
D 
E 
G 
I 

- 

Table VI 

Electrode Sections 

Section S t remth .  k d s u  cm 

TOP 501 
Bottom 455 

TOP 412 
Bottom 445 

TOP 428 
Bottom 458 

TOP --* 
Bottom E 

454 

Compressive 

Reproducibility Between Electrode Batches- 

Compressive Strength, kg/sq cm 
Batch #I Batch #2 

429 422 
557 5.a 
380 408 
468 454 
512 472 

I t  has been reported5) tha t  a correlation existed between the compressive 

This fac tor  has been calculated for 
strength of a t e s t  electrode and the product of the coking value and atomic carbon 
to hydrogen r a t i o  (characterization fac tor  1). 
the pitches used in the  present study (Table N) an4 has been plotted against com- 
pressive strength (Figure 8). 
t o  be 26 kg/sq cm o r  5.5 per cent of the mem of the  range of compressive strengths 
observed. The data of Charette and Bischofberger indicate tha t  their deviation was 
19 kg/sq cm or 6.2 per cent of the mean for the range of compressive strengths tha t  
they stbdied. 

The standard deviation about t he  curve w a s  calculated 

surmnary 

In order t o  evaluate coal-tar pitches f o r  use a s  electrode binders in 

The procedure uses laboratory-size equipnent 
carbon electrodes, a method for preparing test electrodes and measuring the i r  com- 
pressive strengths was developed. 
and requires l e s s  than 300 g of pitch sample t o  produce a batch of four electrodes. 
In addition t o  compressive strengths, the apparent dens i t ies  and e l ec t r i ca l  resis-  
t i v i t i e s  of the electrodes are d e t e d e d .  
i n  ascertaining the binder  quali ty of a wide variety of coal-tar pitches. 

The developed procedure has proved useful 
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REAMED AND 
LINED MCCD FINISHED MOLD 

Figure 1. Various Stages in the Preparation of  a Graphite Mold 

8. C. 
J Iq Jlq With Retort &isrmbly 

Weighlrd hWd 

r'igure 2. Loading of F i l led  Mclds in Holder and Retort 
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BOTTOM VIEW 

Figure 3. Construction Details of Mold Holder and Weight Guide 
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Figure 6 .  Schematic Diagram of Apparatus f o r  B a k i n g  Test Electrodes 

C v n 2  i 

Figure  5. Retort for B a k i n g  Test Electrodes 
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Fig7L-e 6 .  
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Figure 7. Holder for Grinding Znas of Test Spechens f3r 
Cmpressive-Sirellgih De;eriiiiiiations 
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Characterization Factor I,Coking Voluc I C/H Rotlo of Pitch 

Figure 8. Relatianship aetneen Compressive Strength of Test 
Electrode and Characterization Factor No. 1 of t h e  Pitch 
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The Surface Properties of t he  
Quinoline-Insoluble Fraction of Pitch 

by M. S. Morgan, W .  H. Schlag, and M. H. W i l t  
Mellon Ins t i t u t e ,  Pittsburgh 13, Pennsylvania 

Introduction 

The general consensus of the l i t e r a t u r e  on binder mater ia l s  f o r  t he  pro- 
duction of Soderberg electrodes in the aluminum industry is t h a t  a coal-tar pi tch 
i s  the preferred binder material.1) Studies directed toward establishing the  most 
sui table  msthods f o r  t h e  preparation of a n  electrode-binder p i t ch  fmm a coal t a r  
and methods f o r  improving the binding qual i ty  of pitches have been of  considerable 
in t e re s t  t o  both the  producer and the consumer of electrode-binder pitch. 
compressive-strength measurement on t e s t  electrodes has been a sa t i s f ac to ry  method 
cf syaluating pitches f o r  production of carbon electrodes, this method is time- 
consuming. 
efficacy on Tne basis  of the chemical and physical properties of the pitch. 
then would it be possible t o  in t e rp re t  the binding action in terms of pi tch can- 
Dosition and perhaps t o  modify t i e  pi tch i n  a manner which would have a predictable 
e f f ec t  on the binder action. 

Although 

It would be much more sat isfactory t o  be able t o  predict  electrode-binder 
C-fily 

Charette and Bischofberger2) concluded tha t  p i t ch  quali ty,  as expressed 
by tine compressive strength of t e s t  electrodes,  i s  apparently not a function of any 
pitch property taken individually, but ra ther  of a combination of properties. 
investigators end others  have considered correlat ions of compressive strength of 
electrodss with such properties of pitch as  coking value, density, aromaticity, 
softeaing points, and d i s t r ibu t ion  of f ract ions produced by solvent extraction, 

These 

One general method of characterizing pitches is t h a t  of solvellt analysis. 
In one such technique, t he  pi tch i s  extracted f i r s t  with a paraff inic  solvent and 
the  residue i s  then re-extracted successively with benzene and quinoline. M a r t i n  
and Welson3) s t a t e  t h a t  "in pitch binder quali ty,  the quinoline-insoluble (Q.I.) 
fraction, e s sen t i a l ly  a nonfusible powder, is important". 

The technological importance of the 0.1. f r ac t ion  of pi tch is recognized 
by the inclusion of a &.I. minima * in m a n y  specif icat ions f o r  electrode-binder 
pitches. Information on the  s c i e n t i f i c  significance of the 0.1. material is  ra the r  
scarce. It i s  hown t h a t  the Q.1 material  per se does not contribute d i r ec t ly  t o  
the binding action of t he  pitch,41 and generally it is considered as L 2 r t  material  
which may have a benef ic ia l  e f f ec t  in decreasing the  e f f ec t  of temperatue on t h e  
viscosity of pitch.5) . Thus, one notes in the  l i t e r a t u r e  a tendency to consider the 
0.1. portion of pi tch a s  a f ine ly  dispersed carbonaceous f i l l e r  of questionable 
function in the binding action of the pitch. 

Because l i t t l e  information could be found on the surface properties of the 
Q.I. fract ion of pitch and because studies of the surface chemistry of carbon black 
have led to  a be t t e r  uders tanding  of the use of this material  in the  rubber indus- 
try, an exploratory study of the surface properties of the Q.I. portion of pi tch uas 
made. It was hoped tha t  t h i s  information might lead t G  a be t t e r  understanding of 
the function of Q.I. material  in the applications of pi tch as  an electrode binder. 

i 
I 
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Experimental 

For this work, a t o t a l  of nine experimental binder pitches, represent iw 
a considerable range of 8.1. content, was selected. 
these pitches a re  summarized in Table I. 
of Q.I. from 2.44 t o  13.1 per cent,  had been prepared t o  an approximite constant 
softening point of W O C .  
content, pi tch A w a s  thermelly t r ea t ed  t o  produce pitch B h a w  a very high bezene- 
insoluble and quinoline-insoluble content. 
content by centrifugation of a quinoline suspension of the parent t a r  of pitch A, 
followed by removal. of the quinoline and further d i s t i l l a t i o n .  

The usual analyt ical  data on / 

Pitches 1 through 6, representing a range 

In order t o  achieve rather  extreme var ia t ion in ‘2.1. 
f Pitch C was produced t o  have a 1m Q.I. 

1 

Table I 

Analytical  Data on Exuerimental Pitches 

Softening Benzene QuinolFne Coking 
Point, ;C Insoluble, Insoluble, Beta- Value, 

P i tch  C.I.A. W t  % W t  % Resinw % 

1 89.0 33.2 13.1 20.1 56.8 
2 90.2 32.6 12.8 19.8 57.1 
3 93.5 29.7 10.58 19.1 54.1 
4 94.9 28.0 9.13 18.9 52.7 
5 90.6 17.5 6.87 10.6 50.2 
6 88.2 13.0 2.44 10.6 49.8 
A 102.3 25.5 12.4 13.1 56.7 
B 98.5 - 50.3 35.0 15.3 64.9 
C 95.0 25.0 4.2 20.8 51.9 

- 

* Cube-Fn-Air Method. I 

Eenzene Insoluble Minus Q.I. E q u a l s  Beta-Resin. 

Carbon, 
5 

93.34 
93 .u  
93.31 
92.88 
92.55 
91.35 
93.22 
93.48 
93.29 

~Wdr~gm, 
5 

4.36 
4.07 
4.18 
4.44 
4.38 
4.77 
4 . 2  
4.00 
4.52 

Atomic 

%ti0 

1.80 
1.93 
1.87 
1.76 
1.78 
I. 61 
1.84 < 
1.96 
1.73 

C / x  i 

I 

1 Tnermal Treatment of a 74OC pitch at 380OC for 24 hours and back-blending ?rim 9.1 
per cent of starting pitch.  

2 Laboratory d i s t i l l a t i o n  of soft pitch from a production tar. 

3 Laboratory d i s t i l l a t i o n  of 36.2 weight per cent f-?m a production tar. 

4 Elend of 88.55 weight per cent 105OC pitch (produced by d i s t i l l a t i o n  of l i g h t  t a r  a t  
50 m t o  300OC) with 11.45 per cent of coal-tar d i s t i l l a t e  o i l  (boil ing 23C-27OoC). 

5 A production pitch a f t e r  removal of n-heptane solubles. 

6 Laboratory d i s t i l l a t i o n  of a 69OC pitch frop l i g h t  tar. 

S A pitch produced by plant  d i s t i l l a t i o n  of production tar. 

B A p i t ch  produced by thermal treatment of pi tch A.to have maximum benzene-insolu3le 
and quinoline-hsoluble content. 

A pitch produced by adding quinoline t o  the parent t a r  of pitch A, centrifuging 
t h i s  mixture t o  remove insolubles.  and then d i s t i l l i n ? .  

2 

I 

The 4.1. f ract ions used f o r  the present study were isolated a s  fdlorps: 
a 100 g portion of pitch vas crushed and ground t o  pass a 6O-msh sieve. 
W a s  then added slowly with stirring t o  250 m l  of piarm (70-90OC) quinoline in a 600 d 
beaker. After 15-20 minutes a t  t h i s  temperature, the mixture w a s  f i l t e r e d  tkmugh a 

The Pitch 
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Buchner funnel f i t t e d  with a Whatman No. 50 f i l t e r  paper. 
washed with an additional 250 m l  of warm quinoline in small  portions and then w i t h  
500 m l  of benzene t o  remove the @noline. 
a t  110-ll5OC for  one hour. This method of preparation gave yields of Q.I. materials 
nearly equal t o  those obtained by the analytical  procedure and reported in Table I. 

S face-area measurements were made using the method of Brunauer, Emmett,  
and Tel le r .8  The samples were degassed a t  20OoC for  12 hours before measur- the 
nitrogen isotherm at 77OK. 

according t o  the procedure of Jones, Simon, and Wilt.7) 

The retained 0.1. were 

After a i r  drying, the Q.I. were oven-dried 

Spechen electrodes were prepared using the various pitches as binders 

Results and Discussion 

The data on the Q.I. fractions of the experimental pitches are mmnnarized 
i n  Table 11. For these particular samples, it was noted that the surface area per 
gram of 8.1. tends t o  decrease as  the amount of Q.I. in the pitch increases (Figure I). 
This trend is exhibited both by pitches 1 through 6 and by the interrelated series,  
A, B, C, although the r a t e  of change varies. 
such as  thermal treatment, which tends to  increase the amount of 8.1. in the pitch, 
also produces an agglomeration or increase in part ic le  s ize  of the Q.I. material. 

This observation suggests that  a process 

Table I1 

Data on the Quinoline Insolubles 

Quinoline- 
Insoluble 
Fraction 

1 
2 
3 
4 
5 
6 
A 
B 
C 

C.V. - Q.I. 
P.I. 
3.34 
3.46 
4.1 
4.8 
6.28 

19.4 
3.57 
0.85 

n . 4  

Surf ace 
Area, * 

9.4  
10.4 
13.2 
16.3 
16.8 
22.9 
15.9 
8.0 

19.4 

Surface Area 
per 100 g Pitch, 

m2 

123 
133 
140 
148 
n 6  

55 
197 
280 
82 

Carbon, 

92.59 
93.02 
93.06 
91.60 
93.13 
91.45 
94.76 
94.67 
93.36 

tB 
AYdrog.=, 
k 

3.06 
2.43 
2.01 
2 . u  
2.00 
2.47 
1.89 
3-04 
2 . 3  

B t d c  
C h  

Ratio 
2.54 
3.21 
3.89 
3.64 
3.90 
3.10 
4.21 
2.61 
3.41 

It is  of interest  t o  note that  thermal treatment of a pitch (A) c o n t a h h g  
12.4 per cent Q.I. with a surface of 15.9 m2/g yielded a product pitch (B) containing 
35.0 per cent Q.I., but with a surface of only 8.0 #/g. when the C.I. content was 
rsduced t o  4.2 per cent by extraction of the parent tar with quinoline, centrifugation 
t o  remove most of the Q.I., removal of solvent, and dis t i l la t ion,  the residual Q.I. 
in the pitch (C) had a surface area of 19.4 n?/g. 

In a number of cases (such as tlie 8.1. from pitches 6 and 2), the Q.I. was 
found t o  be almost entirely spherical in  habit  (Figures 2 and 3 ) .  It will be noted 
that the particle sizes are of the same order of magnitude as those anticipated from 
surface area measurements, with pitch 6 ha- the smaller particle size and higher 
surface area. 

Having shown that  8.1. material can differ  In surface area and particle 
size, it was of interest  t o  examine the surface for  differences i n  chemical reactivity.  
For t h i s  purpose, the polarographic reducibil i ty of the surface of the Q.I. material 
was determined by the method of H a l l u m  and DNshel.8) 
polarographic reducibil i ty of the Q.I. appeared t o  be a direct  function of the surface 

As noted in Figure 4,  the 
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area. 
t&en 1-s an indication of t i e  chezical rs~fcr ini ty  of the s-uface of the Q.1 .  material. 
n e  l imited nmoer of samples e x m h e d  prohi t i t  ai?$ firm Cositisn cn t h i s  izdicafisn. 
Hoseyler, t i e  significance of surf ace reducib i l i ty  might .. be 1 2 ~ ~  yof i ' a j l g  ~ I ~ ~ J ~  

in the  study of Q.1.k of t i e  saxe surface area qnere cifferaoces in r$acti-riiji  ?-"I 
suspected. A sample of p e t r o l e m  coke of cmmparable surface azo= s??o~ed no ~ e a u c i -  
b i l i t y .  

This relationship betveen polarographic reducibil i t jr  z?d surface area 1 2 s  

Before considering t i e  e f f ec t  of the  surface =ea 3f the  2.1. ps r i ioz  of 
pitches on the  properties of electrodes prepand fror? pitches,  the z ~ = i l a b l e  da ta  7ie'p 

I f  
t he  su-face area of the  Q. I .  i s  a Thpo?tE?Iit fac tor  in  br;ldiTg 2ctioz, it sensed 
reasonable t o  anticipate some e f f ec t  on the  y ie ld  of coke availaide f m  the pitch. 

If it  i s  assumed that a l l  quinolinne-soluble material  i s  a ~ r e l 2 b l e  f o r  I h e  

f o r  evidence of surface e f f ec t s  during the coE? 3f the  pitch itsel-2. 

fornation of coke and t i a t  4.1. i s  r e l a t ive ly  mchanged dwir!! coiib?!, & clot  of .zcli? 
famed (cold= value - Q . I . )  per d t  weight 3f Q.1. v e r s x  the  s ~ x f a c e  z e 2  per 
weight of Q.I .  should give an indication of <he e f fec t  of Q.I. surface L-ea o n  the  
y i e ld  of coke. 
surface area promote a high y i e ld  of coke p?r unit Teight of Q.I. 
B and C, produced from A, s h m  this sane qilali tative rel2ttCnSkL?. 
suggests t h a t  the  surface of the Q . I .  aay function 2s the  sits s f  coke fox2Yion. 

Figure 5 sh0:7s t h i s  relationship and indicates ;dat Q.I. Is 7rith a i ' = h  --3 

%-e v z r l a s i t  - . .  ? i t c i ? s  . .  
%is :o~et:snsnl> 

The usual t e s t  da ta  f o r  Vie spec-hen electrodes are tabdater !  i n  Tebla IIi. 
The apparent density, r e s i s t i v i t y ,  and cmpressive strergti? o f  &,Le e l s c ~ r c d a s  zs a 
function of the  amount of surface avaiiable from the Q.I. ~h 100 p of 5Lxie- =?e 
shown in Figures 6, 7 ,  and 8. These fi,yres shorn t ha t  appereit  d?nsi+-- - *.i = r d  z c z ~ ~ r e s -  
s ive  strength reach a r n W  a t  about 125-150 n;' of =%-face b 1CO g sf ?itch, 232 
the r e s i s t i v i t y  reaches a minimum in the  sane region. 

P i tch  

1 
2 
3 
4 
5 
6 
A 
B 
C 

- 

Also. 

Table I11 

Test Data on Soecben Electrodes 
Prepared from Z g e r b e n t a l  Pitc'res 

Apparent Density, Resistivity,  Compressive Szreq*&, 
g/C$ ohm-cm k</C$ 

1.46 
1.47 
1.44 
1.45 
1.43 
1.39 
1.45 
1.36 
1.46 

60.1 1.0-4 
60.3 
65.2 I t  

59.0 
66.8 
70.1 " 
59.6 'I 

74.0 I' 

55.5 'I 

557 
577 
472 
5W 
458 
357 
490 
356 
5 3 s  

these figures suggest -+&at an optinmi surface area o r  p s t i c l e  s ize  
af Q.I. exists'vhich permits tie formation of electrodes *Kith o p t i n x i  ?rope-ziss. 
Tne results a re  quite s imi la r  t o  those of Krylov e t  al, 
of the  free-carbon content of  p i t ch  t h a t  a7 about 16 per  tent f ree  carbcr~ ;he d e n s i 7  
and compres ive  strength of electrodes pass through a a8ximu;n and r e s i s t i v i t y  -?aches 

found ia t h e i r  szucies 

a mi-. 97 

Conclusions 

Although the  Q.I. f r ac t ion  of an electrode-binder p i tch  reportedly has no 
binding ac-cion i n  i t s e l f ,  it i s  cred i ted  v i t h  being im3ortant t o  electrode-hinter 

1 
'1 

i 
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efficacy of tbe pitch.  '!%e a c t u d  ro le  of +he Q.I., however, remains vague. It Bas. 
therefore the purpose or' this s t d a  t o  ex2nize 'tie surface properties of Q.1.l~ of 
several  exge rken ta l  pitches i,? the hope t h a t  some in fomat ion  might thus be obtained 
~ n i c h  T o d d  ba he lpfu l  in elucidati-rg $52 r o l e  of 'he 8.1. On the bas i s  of nine 
d i f fe ren t  pitches, the C i . 1 . l ~  of Hhich varied, i r r e g u l a l y ,  from 2.44 t o  35 per cent, 
t i e  iol lombg e f f e c t s  were observed: 

t 

h 

, 

d 

i 
1 

1. 

2 .  

3. 

4.  

Tie la rger  the percentage of C.1. content of a p i tch ,  the smaller is the surface 
=ea per p r z n  of Q.I., a d  henca the  larger i s  the  averxge p a r t i c l e  size. 
is qual i ta t ive ly  borne out by elecsmn ?notomicroscopy. 

The solamgraphic r educ ib i l i t y  of the  Q.I. aGpe2rs t o  be d i r e c t l y  r e l a t ed  t o  
surface. area, zn k d i c a t i o n  %?at the r eac t iv i ty  of t i e  surface i s  e s sen t i a l ly  
uniform. 

Lae y i e l d  of a m  cokii-r,O value per  pran of Q.I., 9.1. , is d i r e c t l y  r e l a t e d  
t o  t i e  surface =ea j e r  pram of Q.I. 
serve as she s i t e  of neu coke f o n a t i o n .  

Zvaluaticn of test electrcdes ? r e p e e d  f x m  these pitches ind ica tes  that 'here 
m y  be an o g t k m  =&m<e of L?~ts r iac ia l  %rea between the  Q.I. and the remainder 
of 7h2 pitch. In t h i s  r a q e ,  tne appar-ront density a d  compressive s t r eq th  o f  
the e l e c t x d e s  925s throK-h a mmbm a d  she r e s i s t i v i t y  through a mininUm. 

This 

C . V .  - Q.I. 
an. 

Tais suggests t h a t  t he  (2.1. surface may 

This stuQ has been an exsdna t i cn  of sane of the  parameters of the Q . I .  
ahich zight shad l i gh t  3n i t s  function in the  pitch.  
~qf, generdized t r ends  of some Q.I. s roper t ies  %-ill be u s e t U  t o  investigators who 
=i-s currently exp1orh.g this f i e ld .  

I t  i s  hoped t h a t  these prelimi- 
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Figure 1. The Q.I. Content of the Pitch Versus Q.I. Surface Area 

, 

Figure 2. F’hotomicrograph of the Q.I. of Pitch 6, Illustrating 
a Q.I. of High Surface Area 
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Figure 3. Photomicrograp?l of the ‘2.1. of Pitah 2, Illustratbg 
a Q.I. of Low Surface Area 

I 

I 

Figure 4 .  Relationship of the Polarographic Reducibility to 
the Surface Area of the 0.1. 
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Figure 5. Relationship Between the Yield of New Coking Vdlue per 
Gram of 8.1. (C.V.  - Q.I./Q.I.) and the Surface Area per 
Gram of the Q.I. 

Figure 6, 7, & 8.  Relationships Between the Resistivity, Apparent Density, 
and Capressive Strength of Test Electrodes Prepared 
from Each of the Experimental Pitches and the Surface 
Area of the Q.I. in 100 g of the Respective Pitch 
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II~T30DGCT I O N  

The highly a r o m t i c  charac te r  of e lec t rode  binder p i t ches  permits them t o  be 
stuclied by tie ssJe s - ray  methcds which have previously been applied t o  carbon blacks (1)- 
The wide-angle s - ray  sca t t e r ing  pa t t e rns  a r e  s imi l a r  ( see  F igure  1) and show that both 
s u e s t a x e s  a re  b u i l t  up of pseudocrys ta l l i t es ,  o r  pa ra l l e l - l aye r  groups ( t o  be r e fe r r ed  
to.in t h i s  paper as c r y s t a l l i t e s ) ,  composed of graphi te - l ike  l aye r s  toge ther  with 

and t k  cokes of t hese  p i tches  are a l s o  found t o  have a sh i l a r  f i n e  s t ruc tu re  (Figure 
1). iill those mterials, t i e n ,  are composed p r inc ipa l ly  of graphi te - l ike  l aye r s ,  
SDZB of tinich e r e  arranged t u r b o s t r a t i c a l l y  ( 2 )  i n  c r y s t a l l i t e s  and some of which are 
umssocia ted .  
ganizsd Iraterial ,  by & and & t h e  dimensions of t h e  c r y s t a l l i t e s  respec t ive ly  paral- 
le1 a n i  noma1  t o  tine cons t i tuent  layers ,  by g1.1 t he  i n t e r l a y e r  spacing, by & t h e  effec- 
tivs nmber  of l aye r s  i n  the c r y s t a l l i t e ,  and by a, $, 3, etc. ,  the ireight f r a c t i o n s  
of graghite-l ike l aye r s  respec t ive ly  unassociated, a s soc ia t ed  i n  groups of two, assoc i -  
a ted .  i n  groups of three, etc. 

\,"..--<-,7 uLy eEouits of disorganized material .  The quinoline so luble  and inso luble  f r a c t i o n s  

, 

I n  t i e  ensuing discussion we s h a l l  denote by 2 t h e  f r a c t i o n  of d i so r -  

Th.2 degree of physical  heterogeneity of a spechen ,  whether it be due t o  t h e  
presence of pz r t i c l e s ,  pores i n  s o l i d  matter, o r  d i s c r e t e  regions d i f f e r i n g  i n  density,  
i s  revealed bj x-ray s c a t t e r i n g  a t  small angles.  I n  favorable  cases something can be 
learced  about t h e  shape and s i z e  d i s t r i b u t i o n  of t he  p a r t i c l e s ,  o r  o ther  e n t i t i e s ,  
Froducing t h e  sca t t e r ing .  I n  t he  present inves t iga t ion  we have employed t h e  theory  . . 
of x-ray sca t t e r ing  by dense systems which ?&s developed by Kratl;y (13), Porod (161, 
arid coxorkers ( 9 ) .  

For c l a r i t y  t h e  wide-angle x-ray study w i l l  be presented f i r s t .  This p a r t  
of, the  paper w i l l  include a descr ip t ion  of improvements i n  t h e  experimental technique 
t h a t  have been edooted s ince  t h e  earlier repor t  (1) and numerical results f o r  four- 
t een  sar;lples, cozprising s ix  p i tches  and t h e i r  5750 C.cokes and a b e t a  r e s i n  and i t s  
575" C . coke. 
inves t igz t ion  of t h r e e  pitches,  t h e i r  quinoline so luble  and inso luble  f r ac t ions ,  t h e  
575" C. cckes o f  t he  pitches,  and a be ta  res in .  
be drawn concerning t h e  s t ruc tu re  of e lec t rode  binder p i t ches  end t h e i r  cokes i n  the 
l i g h t  of both t h e  wide- and small-angle x-ray findings.  

The second p a r t  'of t h e  paper w i l l  dea l  with t h e  small-angle sca t t e r ing  

F ina l ly  some general  conclusions w i l l  

bl IDE -UKGIE X-RkY ANALYSIS 

Improvements i n  Experinental  Procedure. Except for c e r t a i n  improvements 
t o  be described herewith, t h e  counter d i f f rac tomet r ic  technique emp1oyed.m~ t h e  same 
as that described previously (1). A s  explained 'oy Milberg (15) ,  i n  studying specinens 
which a r e  weakly absorbing t o  x-rays by the r e f l e c t i o n  technique, it I s  possible t o  
make s y s t e m t i c  e r r o r s  i n  neasyring i n t e n s i t i e s  i f  t h e  rece iv ing  s l i t  is too  narrow t o  
penai t  t he  de tec tor  t o  "see" t h e  e n t i r e  i r r ad ia t ed  v o l m e  of the  sample. 
study s x h  e r ro r s  were elircinated by re!novint? t h e  s c a t t e r  s l i t  of t h e  Norelco aoniom- 

In  t h e  present  

e t e r .  I n  1-lilberg's no ta t ion  
t h e  specinen dimensions were 

t h i s  Leans making a l a r g e  wi th  respec t  t o  A_. 
increased someyhat t o  permit i n t e n s i t i e s  t o  be measured 

Furthermore, 
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over the  angular range 28 
m. wide x 8 m. deep when used w i t h  a lo divergence sl i t  and 0.006-inch receiving 
s l i t .  

l 2 O  t o  1 4 4 O .  The sample dimensions were 31 mm. long x ll 

CuKa radiation of r a the r  high monochromatic character was obtained by using 
Ross balanced filters of nickel and cobalt (11,17). Satisfactory thicknesses were 
rea l ized  by varying them until both f i l t e r s  gave t h e  same transmitted intensity at  
the  wavelength of CUI@, 1.392 A , ,  vhile the  N i  f i l t e r  absorbed approximately 5 6  of 
C W ,  1.542 A. 
losses  of the Geiger counter and f o r  polarization i n  the usual way (1). 
o f  t h i s  corrected experimental curve (A i n  the notation of reference” (1)) t o  electron 
units was accomplished by fitting it t o  the  independent sca t te r ing  curve (B) of  car- 
bon a t  the  angle ( s i n  @ ) / A  - 0.505, a method suggested t o  one of the authors by P. B. 
Hirsch in a private communication. This method is jus t i f iab le  on the basis o f  calcu- 
l a t ions  by R. Diamond (4 )  o f  t h e  x-ray scattering by d iscre te  graphitic, or aromatic, 
l ayers  of various s izes  which demonstrate that the diffracted in tens i ty  is nearly in- 
dependent of t h e  l a y e r  dimension a t  t h i s  angle. As in the previous work the  carbon 
sca t te r ing  factors of McWeeny (14) were used; however, the values of the incoherent 
sca t te r ing  computed by Keating and Vineyard (10) were employed rather than the  ea r l i e r  
data  tabulated by Compton and Allison. 

The experimental counting ra tes  were corrected for resolving time 
Normalization 

In contrast t o  &he previous investigation (1) the present study has made use 
of the (U) rather than (10) line in  deducing the  mecp layer diameter 
l i tes .  
t he  r e l i a b i l i t y  of the independent sca t te r ing  curve of carbon is  undoubtedly greater 
at the  la rger  angle involved (2  - 0.84 ra ther  than 0.49, where E = 2(sin e)/d). 
as noted by Diamond ( b ) ,  the (g) sca t te r ing  function‘is less perturbed a t  t h i s  higher 
angle by the (004) interference f’unction since the  amplitudes of  its maxima decay 
rapidly with increasing order, becoming negligible as a general rule for  
t h i s  connection it may be mentioned that experience in t h i s  laboratory indicates t ha t  
values of derived from the  (10) l i n e  tend t o  be la rger  than those derived from the 
(ll) l i ne ,  although this does not invariably hold. 

mERPRETATIvB PROCEDURG AND RESULTS 

of the  crystal-  
F i r s t ,  There a r e  two reasons for t h i s  change in choice of (%) reflection. 

Second, 

> 4. In 

The several s t ruc tu ra l  parameters, 2, &, &, &, 3, and the  fractions 5, 
3, 9, etc., have been calculated from the  experimental in tens i ty  curves in much the 
same way as v8s done i n  t h e  last study. (1) As before, the (002) line prof i le  has been 
converted t o  the  symmetrical form I‘ by means of the proper choice of  2 in the equation 

I - D  
x-. 

0.0606 1 - D 
s2 I’ P - 

This  choice of 2 can be made d i r e c t l y  if equation (1 )  i s  f F r s t  converted t o  the form 

wherein I-J and & a r e  the experimental in tens i t ies  at two points 9 and 2 equi- 
d i s t an t  f romthe  point of maximum in tens i ty  and close t o  t h e  minima that l i e  on either 
s ide  of t he  (002) maximum. 
used if  the  maximum point falls very close t o  0.28. 

For example, the  angles 3 = 0.16 and ~2 = 0.40 may be 

dimension of the  c r y s t a l l i t e s  has been computed in tw vays (Table 
I): 
by Franklin (6) (see reference (l), equations (5) and (6));  second, from the width 
of the  (ll) prof i le  a t  half-maximum in tens i ty  using t h e  Scherrer c rys t a l l i t e  s ize  

The 
f irst ,  by using the  Warren equation for the  height o f  an (hk) prof i le  as applied 
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formula with an appropr ia te  value of t he  shape f ac to r ,  _K =' 1.84, (12,19) 

1.84 A 
4 =  w c o s e -  

(3 )  

Both these  methods of ca l cu la t ing  & make the impl i c i t  assumption that any'given 
specimen contains c r y s t a l l i t e s  with a s ing le  uniform & dimension. 
not as r e a l i s t i c  as a d i s t r i b u t i o n  of Diamond (5)  has r ecen t ly  described 
a least-squares method f o r  s e l ec t ing  t h e  most probable d i s t r i b u t i o n  of IS'S from t h e  
shape of an  (hk) p r o f i l e .  
through t h e  use of the e f f e c t i v e  number of layers ,  I&, which makes allowance f o r  t h e  
d i s t r i b u t i o n  of values; second, from t h e  width of t he  (002) band a t  half-maximum in- 
t e n s i t y  by means o f  t h e  Scher rer  c r y s t a l l i t e  s i z e  formuia 

Obviously t h i s  i s  
values. 

Also t h e  LC dimension has been computed i n  two mys: f i r s t ,  

0.9 A 
w cos 8 ' Lc = 

i n  which the shape f a c t o r  is  set equal t o  0.9. The second method does not take  account 
of t h e  d i s t r i b u t i o n  of values.  

The t r i a l - and-e r ro r  procedure described previously (1) was used t o  match t h e  
experimental and t h e o r e t i c a l  2' p r o f i l e  of t h e  (002) band. 
p i c tu re  of t h e  d i s t r i b u t i o n  of & v a l u e s  charac te r iz ing  each sample, which i s  t o  say, 
t h e  weight f r ac t ions  of graphi te - l ike  (aromatic) l aye r s  combined i n t o  c r y s t a l l i t e s  
composed of one l aye r  (a), two l aye r s  (G), t h ree  l aye r s  (g3),  etc. 
frequently leads  t o  r a t h e r  p rec i se  f i t t i n g  of the (002) proTile,  it does not mean that 
the  so lu t ion  i s  unique. I n  f a c t ,  a study of t h e  e f f e c t  of con t ro l l ed  va r i a t ions  Jgl, 
d T 2 ,  JD, etc., upon t h e  qua l i t y  of t he  f i t  obtained has shown that r a the r  l a r g e  
devia t ions  may be t o l e r a t e d  i n  a, 5, and 3 provided only  t h a t  they  a r e  mutually com- 
plementary (5 increased a t  t h e  expense of gs f o r  example). 
estimate of probable devia t ions  which apply t o  t h e  var ious  f's: 

This  process leads  t o  a 

Although this 

Th i s  l eads  to  t h e  following 

These l b i t s  should be kept i n  mind i n  comparing t h e  
sanples represented by histograms i n  Figure 2. These include six e lec t rode  binder 
p i tches  and t h e i r  cokes and a be ta  r e s i n  and i t s  coke. To emphasize the e f f e c t  o f  
coking at 575" C. on t h e  assoc ia t ion  of layers ,  t h e  coke histogram (broken l i n e s )  of 
each specimen has been superposed upon t h e  histogram of t h e  corresponding ucoked  
specimen ( s o l i d  l i n e s ) .  It is  evident  t h a t  coking results i n  an  increased degree of 
assoc ia t ion  of layers ,  t h e  histograms tending t o  extend t o  h igher  E ' s  w i t h  a decrease 
i n  t h e  f's a t  lower E'S. 
increases t h e  weight f r a c t i o n  of  s ing le  layers ,  a, and i n  o the r  cases decreases it. 

d i s t r i b u t i o n s  o f  t he  four teen  

It is  i n t e r e s t i n g  t o  note, however, t h a t  i n  sone cases coking 

Figure 3 compares t h e  2' (002) p r o f i l e s  of p i t c h  No. 3 and its coke. The 
g rea t e r  asymmetry of t h e  p i t c h  p r o f i l e  i s  t y p i c z l  of a l l  t he  specimens studied t o  varying 
degrees. 
spacing, ~JI. 
para t ive ly  f e w  l aye r s  baving l a r g e r  values of 3.i than those with more layers. Semi- 
quant i ta t ive  e f fo r t s  t o  determine t h e  upper and lower l i m i t s  on & r e s u t  i n  maximum 
values as l a r g e  as 4.0 A .  i f  t h e  minimum value of 3.44 A. proposed by Frankl in  (7 )  
f o r  disordered l aye r s  is accepted. The presence of a l i p h a t i c  ma te r i a l  muld a l s o  
cont r ibu te  t o  skewness of t h e  type observed, and t h i s  would r e s u l t  i n  ca lcu la ted  
values which a r e  too  small. Iiowever, t he  aromatic content of t h e  p i tches  s tud ied  i s  

It i s  probably t h e  consequence of a considerable v a r i a t i o n  in  the  in t e r l aye r  
The nature of t h e  skewness can be explained by c r y s t a i l i t e s  with com- 
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so  hi& as t o  eliminate t h i s  as  a subs tan t ia l  source of .error. 

It is not possible  t o  achieve a completely s s t i s f a c t o r j  m t c h i n g  of theo- 
r e t i c a l  and e x p r i n m t a l  p r o f i l e s  f o r  such skexed p r o f i l e s  on the basis o f  2. s k &  
value of a, 2s i s  dore i o  t h e  present scheffie of a u i l y s i s .  
mathematical complexities e r i s i n g  from the  use of a -Jariable %,I p a r m e t e r  a r e  63 greet  
as t o  exclude t h i s  approach in pract ice .  
- M d i s t r i b u t i o n s  deduced f o r  t i e  pi tches  a r e  sorzewhat l e s s  r e l i a b l e  thm those f o r  
t h e  cokes, which produce more s y m e t r i c a l  I' (CO2) prof i les .  

A t  t h e  same t h e  ?fie 

It is w e l l  t o  bear io mina, %ha, tkz the 

Table I l i s t s  the & and & dinensions of t h e  crjrs*%llites tcgether  w i t h  the  
parameters E,  9, and bfe, k-hich were described e a r l i e r .  
per  c r y s t a l l i t e  is  defined by 

The e f f e c t i v e  umber  of Lyrers 

and & is  then given by 

Lc = $1 Me = dM zf@ 
M 

I n  equation (6) & is computed from the 5 value corresponding t o  the point  o l  riaxhm 
i n t e n s i t y  of t h e  I' (002) p r o f i l e  using t h e  r, a l a t i o n  

It is t o  be emphasized that a s i n g l e  but d i f f e r e n t  experimental value of 
f o r  each specimen,. but t h a t  a s ingle  constant value of 3.52 A. 'cas &en a q i o y e i  ia the  
computation of a l l  the t h e o r e t i c a l  (002) p r o f i l e s  i n  order t o  keep the m t h e m t i z a l  
l abor  within bounds. 

is deri7;ed 

I n  Table I1 values  of t h e  "shape fac tor"  &/& have been ccffiguted f c r  the 
s i x  p i tches  and t h e i r  cokes as wel l  a s  f o r  the urcoked and coked beta  resin. Tkese 
r a t i o s  make use of 4 from the (ll) peak width and LC as derived frorr; (OC2) g r o f i l e  
matching, which a r e  considered t o  be> the most r e l i a b l e  vahes. 
w i l l  be seen that the layer  dimension & falls in  t h e  range 12-16 A. for both t h e  DitchPs 
and t h e  cokes, while t h e  c r y s t a l l i t e  "height" & l i e s  in  the range U - l k  A. f o r  the -Jitches 
but 16-19 A .  f o r  t h e i r  cokes. 
dinensions & and I,, (average &/L 
grow more rap id ly  along 2 than a Gor cokes the average h/& = 0.77). 

from 30 t o  5C$ of t h e  mass of both the pi tches  and t h e i r  cokes. 
higher than in carbon blacks uhere the usual limits a r e  betveen 10 a d  jj$ . It i s  
a l s o  somewhat surpr i s ing  t h a t  t h e  f r a c t i o n  of disorgmized matter i r i  p i tches  i s  not 
.appreciably l a r g e r  than i n  t h e i r  cokes. We may a e i n  note i n  t h i s  connection that 
t h e  presence of aliphatics would tend t o  r e s u l t  in an underestimation of 2. 

?roE t j e  t-a taS1es it 

Hence the p i tch  c r y s t a l l i t e s  have approx5mtely e q u i  
= l.O7), whereas when coking occurs t h s  c r y s t a l l i t e s  

From Table I it is seen that so-called " d i s o r p n i z e d  matter" cons t i tu tes  
This  is apprec iabu  

In order  t o  understand w h a t  disorganized matter mems we must renienber -chat 
a l l  x-ray interference e f f e c t s ,  both c r y s t a l l i n e  r e f l e c t i o n s  and amorphous halos ,  are 
t h e - r e s u l t  of x-ray s c a t t e r i n g  by pa i rs  o f  atoms separated by a frequent ly  encountered 
vector  d i s tance  or by systems of atoms arranged i n  a per iodic  fashion ( l a t t i c e s ) .  On 
t h e  other  hand a l l  interatomic vector  dis tances  o f  random, or very i r regular ,  lengtlns 

. r e s u l t  i n  continuous d i f f u s e  s c a t t e r  which is  part of the  background s c a t t e r  of the  
d i f f r a c t i o n  record. 
r e t i c a l  independent s c a t t e r  of i s o l a t e d  atoms, which is in te rpre ted  by E-e  present 
a n a l y t i c a l  method as  being due t o  disorganized material .  Therefore, disorgsnized 
matter c o n s i s t s  only i n  p a r t  of f ragnentary a g r e g a t e s  of carbon and other  atoms. A 

, 

It i s  this continuous s c a t t e r ,  indis t inguishable  froE the theo- 
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Table I. Crystallite S t ruc tu re  Parametsrs o f  S i x  Elec t rode  Binder 
P i tches  and a Beta Resin and Their 575" C. Cokes 

(W-F = Barren-Franklin ana lys i s )  - 

Estimated Prec is ion  
(probable devia t ion)  

1. Pi t ch  
Coke 

2. P i t ch  
Coke 

3. P i t ch  
Coke 

4. Pitch 
Coke 

5. Pi t ch  
Ccke 

6. P i tch  
Coke 

7. Beta r e s i n  
Beta r e s i n  coked 

- 
2 
- 
- +o .05 - 
0.44 
0.42 

0.39 
0.36 

0.48 
0.32 

0.44 
0.51 

0.44 
0.4j 

0.45 
0.45 

0.52 
0.38 

- 

- +l.5 

16.3 
17.1 

14.5 
14.2 

14.2 
10.8 

15.6 
20.0 

13.4 
18 .o 

10.4 
12.0 

23.8 
17.6 

& ( A * )  
(width) 

- +1.5 

13.2 
12 .o 

15 -3 
13.1 

13 e 5  
15 -3 

12 .I. 
12.4 

16.4 
14.1 

12.4 
13 e3 

13 *9 
14.8 

Lc (11.1 
( d i s t r i b  .) 

- 4 . 5  

14.1 
18.8 

12.7 
17.8 

13.5 
15 *8 

12.4 
17.3 

11.8 
18.1 

12.6 
15.4 

12 .O 
19.1 

14.3 
27.8 

13 -9 
26.4 

13.2 
22.5 

12.9 
22.5 

u.8 
24 -0 

13-2 . 
27.5 

12.5 
18.0 

$4 (Am) 

H, e 0 3  

3 -51 
3.48 

3 -52 
3.52 

3 -57 
3.47 

3-52 
3-50 

3.60 
3.47 

3-52 
3.50 

3*55 
3.55 

% 
- 
- +o .20 - 

4.03 
5.41 

3.60 

3.79 
4.56 

3 -51 
4.95 

3 -27 
5 -23 

3.59 
4.69 

3.39 
5 -39 

5 -05 

- 



T a b l e  11. Shapes of Crystallites 

(&/& = r a t i o  of diameter t o  he ight )  

Sample 
No. &/& of P i tches  

0.94 

1.20 

1.00 

0.98 

1.39 

0.98 

&/& of Cokes (575" C.) 

0.54 

0.74 

0.97 

0.72 

0.78 

0.81 

7 

Average 1.07 

Beta Resin 1.16 

0.77 

0.78 

, 



considerable,  i f  not major, paA cons i s t s  of o ther  atoms irregularly loca ted  with 
respec t  t o  t h e i r  nearer  neighbors. Ano"Aer way of saying t h i s  i s  t h a t  a l l  departures 
of the a tonic  arrangexent i n  t h e  sample from i d e a l i t y  ( i d e a l  g raph i t e  l a y e r s  assoc ia ted  
i n  a random laye r  l a t t i c e ) ,  which is  t o  say s t r u c t u r a l  imperfections,  w i l l  cont r ibu te  
t o  the  d i f fuse  bac'kground s c a t t e r  and be recognized i n  part as disorganized matter. 
Thus t h e  folloTring w i l l  be in te rpre ted ,  at least i n  pa r t ,  as disorganized matter: 
fo re ign  atoms (0, N, S, R, e tc . ) ,  va r i a t ions  i n  t h e  i n t e r l a y e r  spacing from whatever 
causes, buckling of t h e  l aye r s  due t o  poss ib le  non-aromatic character i n  ce r t a in  
regions,  holes i n  the aromatic layers ,  and t r a n s l a t i o n a l  i r r e g u l a r i t y  i n  the  s tacking  
of the l aye r s  one upon t h e  o ther .  J. R. Tomsend (18) has made t h e o r e t i c a l  s tud ie s  
which show quan t i t a t ive ly  t h a t  t h i s  kind of stacking d i so rde r  reduces the i n t e n s i t y  
of t h e  (002) band and a t  the same time cont r ibu tes  t o  t h e  d i f f u s e  background. 

\ 
\ 

'\ 

S.WJL-M?GE X-RAY ANALYSIS 

Emerimental  Procedure. The  x-ray sca t t e r ing  i n t e n s i t i e s  a t  smal l  angles 
were recorded aanual ly  using a General E l e c t r i c  XRn-5 d i f f r a c t i o n  apparatus equipped 
witn a pair of i d e n t i c a l  0.05" s l i t  co l l imators  (Type 4954BE) and argon propor t iona l  
counter tube  (Type A4952E). A s  i n  the wide-angle rreasurements, balanced n icke l  and 
cobal t  f i l t e r s  were used t o  provide x-ray i n t e n s i t i e s  of r e l a t i v e l y  high monochromatic 
character.  F igure  4 is a schematic drawing of t h e  apparatus with the rece iv ing  co l -  
limator (No. 2 )  set a t  t h e  0' 28 pos i t i on  so as t o  rece ive  the d i r e c t  beam t ransmi t ted  
by co l l imator  No. 1. The s_oecimen is  or ien ted  with i t s  sur face  normal t o  t h e  d i r e c t  
beam. It t u r n s  through an angle 0 8  about t h e  spectrogoniometer axis when t h e  receiving 
system t u r n s  t h r o w  an angle 2&, as i s  the usual arrangement i n  powcier diffractometers.  
Although t h i s  causes t h e  speciaen t o  be inc l ined  s l i g h t l y  when the small-angle s c a t t e r -  
i ng  is being recorded, t h e  x-ray absorption cor rec t ion  i s  not pe rcep t ib ly  changed 
because of t h e  small angles involved. Th i s  means t h a t  an  absorp t ion  cor rec t ion  need 
not b e  included i n  t h e  in te rpre ta t ior?  of t h e  i n t e n s i t y  data. The sl i ts  la, lb ,  2a, and 
2b a r e  of equal  dimensions, t h e  width being about 0.04 mn. and t h e  height being com- 
pa ra t ive ly  very l a r g e  and determined by t h e  separa t ion  of t h e  S o l l e r  p l a t e s .  
are sets of p a r a l l e l  p l a t e s  w i t h  a spacing chosen so as t o  l i m i t  t h e  v e r t i c a l  diver- 
gence t o  a t o l e r a b l e  amount. 

These 

The specimen powders were packed i n  a rec tangular  window 0.2 cm. t h i c k  by 
0.4 cm. wide by 1.58 cm. lon& i n  a b ras s  p la te ,  no binders o r  adhesives being used. 
In terns of t h e  specimen w e i g h t  2, volume v, and known s o l i d  dens i ty  &., the volune 
f r a c t i o n  of s o l i d  matter i s  then  

macro dens i ty  W 
c =  = - *  

ds  s o l i d  dens i ty  

The volume f r a c t i o n  of void space is, of course, 1 - 2. 
poin t  by poin t  from 28 = 0.04" t o  a maximum angle beyond which t h e  i n t e n s i t y  was too  
low t o  measure accura te ly  without p roh ib i t i ve ly  long counting t imes.  
angular  l i m i t  ranged froE 0.3" f o r  some p i tches ,  quinoline so luble  f r ac t ions ,  and t h e  
be ta  r e s in  t o  1.0' f o r  a l l  of t h e  quinoline insoluble f r ac t ions .  
s ca t t e r ing  curve was recorded ( a )  with N i  f i l ter ,  (b )  wi th  Co f i l t e r ,  and then w i t h  
specimen rellioved ( c )  wi th  N i  f i l t e r ,  and (d )  with Co f i l t e r .  
( c )  and (d) gives a measure of t h e  cor rec t ion  t o  be appl ied  f o r  p a r a s i t i c  s ca t t e r ing  
( s c a t t e r  due t o  sl i ts ,  air, and o ther  extraneous sources).  
t a ined  by multiplying t h e  d i r e c t l y  measured curve by t h e  absorp t ion  f a c t o r  character-  
i z i n g  t h e  p a r t i c u l a r  specimen being exaoined, exp (-,u&), where ,u i s  the l i n e a r  ab- 
sorp t ion  coe f f i c i en t  of t h e  sample and 4 is i t s  thickness.  
d i r e c t l y  obtained from the weight-to-area r a t i o  (wfi) of the  specimen by the  following 
t ransforna t ion :  

Counting r a t e s  were recorded 

This  upper 

For each specimen t h e  

The d i f fe rence  of  curves 

The cor rec t ion  curve i s  ob- 

The exponent ry; can be 

i 
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I n  t h i s  expression (p/&) is the mass absorpt ion c o e f f i c i e n t  of the specinen f o r  
x-rays and A_ i s  t h e  a r e a  of t h e  face  of t h e  specinen nornal t o  the  beam (0.4 x 1.56 = 
0.552 cm.* f o r  the specimen holder employed). The composition o f  each of '&e spechens  
was regarded a s  being lo@ carbon, l o r  qhicn ,u/& was assigced the  i-alue meas rea  
by Cbipnan, ( 3 )  4.15. 
t o  be analyzed uas obtained from t h e  severa l  Eeasurea curves as folloxs: 

Hence i n  tine present  s tudy pt = 7.52 w. The intensitgr curve 

I ( I N 1  - ko)s = ( I n i  - %o)I\;S exp ( -put ) -  

Here S = sample and NS = no sample. 

In te rpre ta t ive  Procedure and Results. For a lull e q l a r a t i o n  of +&e i n t e r -  
p r e t a t i v e  procedure the  reader i s  re fe r red  t o  t h e  paper by i6.hovec e t  al. ( 9 )  
and Fournet (8) have given a condensed account of t h e  theory a ~ d  r e q u i s i t e  e x p r b e n - a l  
conditions.  
avoided by employing s l i ts  of l a r g e  height-to-width r a t i o .  
account this experimental f e a t u r e  impl ic i t ly ,  (9,16) so that t h e  f o ~ u l a s  presenced 
herewith require  no modification f o r  the " s l i t  e f fec t" .  

Guinisr 

The necessity f o r  nuking cor rec t ions  f o r  f i n i t e  s l i t  height k s  been 
The theory takes  i n t o  

The f irst  s t e p  i n  t h e  ana lys i s  of  the i n t e n s i t y  curves is t o  coEpute t i e  
following quant i t ies :  

e = 1 ; s .  
0 

q = [Iyds . 
0 

a = lim ( 1 ~ ~ 1  . 
s *- 

In these expressions 5 E. ( 4 V s i n  0 ) / n ,  o r  4?f9/;1 s ince  0 is  very s&. 
that 2 is the integral sca t te red  i n t e n s i t y  over the e n t i r e  range or' appreciable  intensi ty .  
I ts  value cannot be determined accura te ly  i n  cases where i s  s t i l l  increasiog rapidly 
a t  the  lowest angle a t ta inable .  It can be shown t h e o r e t i c a l l y  #at t h e  s c a t t e r i n g  
curve must i n  a completely general  hay approach a s w p t o t i c a l l y  the h e  5-3 a t  higher 
angles,  so that i f  the curve i s  mult ipl ied by z3 a consAmt l i m i t i n g  value of 5 is 
reached. 
determine the  spec i f ic  surface of t h e  specinen. 
asymptotic value is not reached a t  angles f o r  which 2 is or' detectable  in tens i ty ,  in 
which event t h e  spec i f ic  surface cannot be determined aireczly.  A convenient my t o  
apply t h i s  i n i t i a l  c r i t e r i o n  i s  t o  p lo t  i n t e n s i t y  against 5 (or 28) on log-log paper 
and note whether a slope of  approx imte ly  -3 i s  reached a t ' t h e  highest  angles. This 
log-log p l o t  a l s o  reveals  something of t h e  ty-pe of s t r u c t u r e  02 t i e  c o l l o i d a l  syssem. 
A f l a t  mid-section means rod- or  p la te - l ike  p a r t i c l e s  r a t h e r  than a spher ica l  o r  
granular habi t ,  a s teeper  slope as the primary beam is  approached indicates  c lus te r ing  
Of p a r t i c l e s  i n t o  l a r g e r  aggregates,  while a decreasing slope as the  primary beam is  
approached denotes the presence of a considerable proportion of p a r t i c l e s  of r e l a t i v e l y  
S m a l l  Size.  If t h e  slope i s  uniformly c lose  t o  -3 t h r o q h o u t  t h e  reasurable  range, 
t h e  p a r t i c l e s  a r e  regarded as r a t h e r  uniform i n  s i z e  and approximately s p h e r i c d  i n  
shape. 

It i s  seen 

When t h i s  condition is experiroentally rea l ized ,  it becomes possible  t o  
For  sorce tmes of heterogeneity t h i s  

/ 
-L 
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If an asyinptotic slope of -j i s  reached a t  t h e  higher angles,  t h e  t o t a l  
sur face  area can be  computed i n  t e r n s  of t he  volume f r a c t i o n  of s o l i d  from 5 and 9 as 
follows : 

, o = 4vc (1 - c )  a/q , (12) 

f r o m  which t h e  s i r f a c e  i n  m.2 per of s o l i d  sample is 

i 
I! 

P 

0 a 
Oj: - 40,000 (1 - C) - , 

vc -. 9 

and t h e  spec i f i c  sur face  in m.* per  g. is 
.I 

40,000 (1 - c )  a asp = . 
dSq 

The t h e o r e t i c a l  expressions set f o r t h  by Porod, Kahovec, and assoc ia tes  a l s o  
The first is  l', t h e  s t r u c t u r e  number, defined 

f 5 ea/q2 . (15) 

include three o ther  u se fu l  quant i t ies .  
by 

Th i s  quant i ty  i s  q u a l i t a t i v e l y  a measure of the irregularity of t h e  c o l l o i d a l  sub- 
d iv is ion .  I n  a d i l u t e  system o f  i d e n t i c a l  spheres f is about 1/2. 
f luc tua t ions  in  p a r t i c l e  size,  and devia t ions  from sphe r i ca l  shape cause an increase  
i n  g, s o  that f o r  granular s t ruc tu res  i n  genera l  it i s  c lose  t o  uni ty .  S t i l l  l a r g e r  
- f ' s  i nd ica t e  pronounced departures from sphe r i ca l  shape. 

C lus t e r  formation, 

- 
The theory a l so  y i e lds  two length  parameters, A and AC. The f i r s t  is t h e  

inhoEogeneity length,  
- 

a 40,0O0/Or . 
I f  t n e  co l lo ida l  system is  imagined t o  be pierced by rays i n  a l l  d i r ec t ions  at  random, 
t h e  rays w i l l  be cu t  i n t o  d i f f e r e n t  lengths  by the d isperse  phase ( p a r t i c l e s  i n  void 
o r  holes i n  so l id ) .  The numerical average of t hese  lengths is &. 
parameter, A, is known as the  coherence l eng th  and is given by 

The second l eng th  

-Ic = 2e/q . (17) 

It is r e l a t e d  t o  t h e  s ize  and shape of t h e  p a r t i c l e s  as well as t o  their arrangement. 
In a d i l u t e  system of i d e n t i c a l  spheres & i s  equal  t o  314 of t h e  sphere d i m e t e r .  
Clus te r ing  of p a r t i c l e s  w i l l  cause an increase  i n  the value of A. 

quinoline insoluble (Q.I.) f rac t ions ,  and quinoline so luble  (Q.S.) f r ac t ions ,  and f o r  
a be ta  r i s i n .  Fi,pre 5 shows t h e  p l o t s  of log 2 aga ins t  l o g  28. 
i n t e rp re t a t ion  of the numerical data i n  Table I11 it is b e s t  t o  see w h a t  can be learned 
from the  curves. Perhaps the most obvious feature of t h e  curves is  t h e i r  s i m i l a r i t y  in 
shzpe. 
of e i t h e r  p a r t i c l e  c lus t e r ing  o r  the  presence of a s u b s t a n t i a l  weight f r a c t i o n  of 
much l a r g e r  pa r t i c l e s .  T h i s  is a conspicuous c h a r a c t e r i s t i c  of a l l  t h e  specimens 
except t h e  quinoline insoluble f r ac t ions ,  of which only one disp lays  t h i s  feature.  
The slopes of a l l  t he  curves tend t o  decrease continuously, although sometimes ir- 
regular ly ,  with increas ing  angle. 
ture from a sphe r i ca l  p a r t i c u l a t e  habi t .  F ina l ly ,  f o r  most o f  the spechens  the  Slopes 

Table I11 gives results f o r  t h r e e  e lec t rode  binder p i tches  and t h e i r  cokes, 

Before a t t e m p t b g  an 

With few exceptions they  slope upwards at t h e  lowest angles,  an ind ica t ion  

Bence t h e r e  i s  no ind ica t ion  of pronounced d e p r -  

4 
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Table 111. ball-Angle Sca t te r ing  Resul ts  f o r  Selected Smples  

f 
(value m e a  
i n  computirg 
- and 

- 

Pitches 
. No. 1 

No. 3 
No. 6 

Cokes 
No. 1 
No. 3 
No. 6 

a - 
(A,) 

Sca t te r ing  
Range 
( 1 

NO. 3 
NO. 6 

0.04-0.3 
0.04-0 -3 
0 . O b 0  -3 

0.04-0.6 
0 . O b 0  -7 
0.04-0 -6 

0.04-1.0 
0.04-1.0 

No. 3 
NO. 6 

Beta 
Resin 

0.04-0.j. 
0.04-0.4 

0 .04-0.3 

e 
( a r b i t r a r y  

u n i t s )  

- 

247 
373 
210 

749 
1600 
1046 

2939 
3632 
5333 

446 
230 
706; 

786 

f 
(value 
d i r e c t l y  
coinputed) 

- 

0.42 

0-4 j 
0 -39 

0.55 

0.45 
0 -43 

0.38 
0.54 
0.59 

0.34 
0.43 
0.42 

0.49 

542 
540 
545 

37.0 
36.3 
40.0 

39 -0 
34.7 
42.0 

1 

I 

J 
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become considerably l e s s  than -3 a t  t h e  l a r g e s t  angles, which means that in these in- 
stances the  surface areas w i l l  have t o  be estimated by an ind i r ec t  approach rather than 
determined d i r e c t l y  i n  termg of t h e  l imi t ing  value of 5 = z3. 
f o r  such cases that a reasonable value be assigned t o  
puted from it by means of equation (15). 
f o r  cokes 1, 3,-and 6 and Q.L. f r ac t ion  1, using an assigned f value of 0.60. 
corresponding and 
accurate than t h e  valueg f o r  &.I. f rac t ions  3 and 6. 

Kahovec e t  a l .  suggest 
and t h a t  a value of 8 be com- 

I n  Table 111 t h i s  method has been followed 
The 

values are therefore  t o  be regarded as estimates and less 

The observations j u s t  made a r e  i n  accord with the small values of f d i r e c t l y  
computed from t h e  expe rhen ta l  i n t e n s i t i e s  by means of equation (15). For &.I. f rac t ions  
3 and 6 the  l imi t ing  slope of the  l o g  I versus log  g3 curve i s  c lose  t o  -3, permitt ing 
dependable spec i f i c  surface values t o  be calculated using equation (14). For the  o ther  
samples the  slopes become -3 a t  intermediate angles and y i e l d  the  d i r e c t l y  computed f 
values given i n  Table 111, many of which are smaller than t h e  theo re t i ca l  minimum value 
of 0.50 t o  be expected f o r  an i d e a l  system of uniform spheres. 
values a r e  not unexpected since a slope of -3 a t  l a r g e  angles i s  not reached. A choice 
Of f = 0.60 seems reasonable as a bas i s  f o r  subsequent ca lcu la t ion  of a, a, and Os 
s ince  t h i s  i s  approximately the  value observed f o r  Q.I. f r ac t ions  3 and 6, which 
believed t o  be r e l i ab le .  The f a c t  that a l l  t he  d i r e c t l y  computed 2 ' s  a r e  in the 
neighborhood of 0.5 emphasizes w h a t  has been already infer red  from the  curves, that the  
pa r t i c l e  shape is  not far from spherical .  

These abnormally small 

It w i l l  be seen from Table I11 t h a t  t h e  amount of small-angle sca t te r ing ,  2, 
i s  l a rges t  f o r  t h e  &.I. f rac t ions ,  considerably less f o r  t h e  cokes, and very small f o r  
t h e  pitches and Q.S. f rac t ions .  This shows t h a t  t h e  &.I. samples a r e  most heterogeneous 
physically, t h e  cokes l e s s  so, and the  pitches and Q.S. samples r e l e t i v e l y  homogeneous. 
The weak small-angle sca t t e r ing  of the  lzst two materials can be in te rpre ted  i n  t w o  
bays. F i r s t ,  it may mean t h a t  t he  samples are very l a rge ly  s o l i d  continuums, without 
pores o r  pa r t i c l e s ,  but t h a t  a small portion of each sar.ple i s  e i t h e r  pa r t i cu la t e  o r  
cons is t s  of so l id s  w i t h  pores. 
so l id  without pores o r  pa r t i c l e s ,  but t h a t  t h e  so l id  continurn cons is t s  of regions of 
d i f f e r ing  density.  The latter explanation seems more reasonable in the case of pitches 
and Q.S. f rac t ions ,  bu t  since t h e  dens i t i e s  of the  hypothetical  consti tuent regions 
a r e  not known, it i s  not worthwhile t o  compute spec i f ic  sur face  values, which would 
necessarily r e s t  on extremely a r b i t r a r y  assumptions. 
surface could be computed i n  t h i s  way, it would have only a very ambiguous physical 
significance. I n  t h i s  connection it may be emphasized that small-angle sca t t e r ing  can- 
co t  d i f f e ren t i a t e  between p a r t i c l e s  i n  void and t h e  complementary case of pores in 
so l id .  Prec ise ly  complementary s t ruc tures  of these  two kinds would give iden t i ca l  
small-angle sca t t e r ing  patterns.  Likewise, the  spec i f i c  surface would be the  same i n  
both cases and i t s  determination unambiguous. 

Second, it may mean t h a t  t h e  samples are e n t i r e l y  

Even if an e f fec t ive  " in te rna l"  

One of t he  two length parameters, t he  coherence length  4 , is  computed 
d i r e c t l y  from t h e  in t ens i ty  in t eg ra l s  e and 9 (see equation (17 )yand  can be derived 
independently of the  -3 slope c r i t e r i o n  discussed above, Accordingly & has been 
calculated f o r  a l l  the  specimens i n  Table 111, whereas .e, t he  inhomogeneity length, 
and gsp, the  spec i f ic  surface, have been determined only f o r  t he  cokes and Q.I. 
f rac t ions .  
calculated from the  following "solid" dens i t ies :  
g.lcm.3 f o r  Q.I. f rac t ions .  

I n  deriving the  spec i f i c  surfaces, t he  values of 2 used have been those 
1.75 g./cm.s for cokes and 1.65 

Not only do t h e  x-ray r e s u l t s  ind ica te  an approximate-u spher ica l  habi t  f o r  
a l l  the  materials studied, bu t  t he  length parameters & and & and the  spec i f ic  sur- 
faces  a r e  surprisingly similar. This i s  s t r i k ing  i n  view of the  probable difference 
i n  character of t he  heterogeneity i n  cokes and i n  &.I. f r ac t ions .  Thus one may be 
predominently pa r t i cu la t e  whereas t h e  o ther  may be  nore r e t i c u l a r  (pores i n  so l id ) .  
Electron photomicrographs of the  &.I. f r ac t ions  confirm t h e  small-angle sca t te r ing  
r e s u l t s  by showing most of t h e  pa r t i c l e s  t o  be spherical ,  a considerable portion 



being l e s s  than 1000 A. i n  diameter and t h e  r e s t  much l a r & e r  on the  average. Most of 
t h e  cokes, however, are seen t o  c o n s i s t  of roughly equidinensional p a r t i c l e s  of other-  
wise irregular shape, m y  nf them too l a r g e  t o  produce saal l -angle  s c a t t e r i n g  in t h e  
access ib le  angular range. 

In t h e  absence of supplerrentary i n f o m a t i o n  regarding t h e  character  of the  
heterogenei ty  in azubs tance  that produces small-angle x-ray s c a t t e r ,  it is bes t  t o  
look upon & and 2 as giving t h e  approximate lizzear dimensions of t h e  s t r u c t u r a l  
e n t i t i e s  responsible for the small-angle s c a t t e r  instead of attempting a acre  concrete 
i n t e r p r e t a t i o n  in t e r n  of sphere or pore diameters. 
these  s c a t t e r i n g  e n t i t i e s  are of near ly  the same mean s i z e ,  and i n  addi t ion they a r e  
not  f a r  from spher ica l  ( a t  least equidimensional) i n  shape. 

coNcLusIoNs 

For a l l  f i v e  substances s tudied 

1. The fine s t r u c t u r e  of e lec t rode  binder p i tches  and t h e i r  cokes resembles 
that of carbon blacks. 
o r  graphi te - l ike  layers ,  which for t h e  most part are in turn aggregated i n t o  turbo- 
s t r a t i c  c r y s t a l l i t e s .  

2. Roughly one-third of t h e  carbon and minor cons t i tuent  elements are present 

Approximately two-thirds of the  carbon is present  as aronat ic ,  

as so-called disorganized mater ia l ,  a higher proportion than in carbon blacks. 

3. The p i tch  and coke c r y s t a l l i t e s  a r e  approximately equidimensional x i t h  
linear dimensions of 12-20 A. Coking of a p i t c h  a t  575" C. produces a s o m a t  greater  
increase in & than in L. 

4. The in te r layer  spacing i n  p i t c h  c r y s t a l l i t e s  shows considerable var ia t ion,  

5. A considerable port ion,  probably more than half, of the quinoline insoluble 

in c o n t r a s t  with those i n  cokes o r  carbon black, which are r a t h e r  uniform. 

f r a c t i o n s  examined is present  in the form of roughly spher ica l  p a r t i c l e s  with a mean 
diameter of the order of 500 A. 
dimensions of which cannot be measured by small-angle x-ray scat ter ing.  

The r e m i n d e r  i s  present  as muck l a r g e r  p r t i c l e s  t h e  

6. The small-angle s c a t t e r i n g  produced by p i tches  and t h e i r  quinoline soluble 
f r a c t i o n s  i s  weak, shoving that they  possess l i t t le  if any p a r t i c u l a t e  character.  

7. 575" C. cokes of p i tches  and the quinoline inso luble  f rac t ions  of pitches 
possess similar s p e c i f i c  surfaces  of t h e  order  of 40 m.2/g. 
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Figure 1. Comparison of t h e  wide-angle x-ray d i f f r ec t ion  p t t e r n s  of an electrode 
binder pitch, i t s  575" C. coke, quinoline soluble and insoluble f rac t ions  of  
a pitch,  and a t y p i c a l  carbon black 
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Figure 2. Eistograms comparing t h e  d is t r ibu t ions  i n  six pitches (Nos. 1-6),a beta' 

Estimated precision of S ' s  indicated by hatched histograms. 
r e s in  (No. 7) ,  and t h e i r  respective 575" C. cokes. 
broken l i nes  coked. 

Solid l i nes  uncoked, 
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Figure 3 .  Comparative (002) p ro f i l e s  of p i t ch  No. 3 ( s o l i d  line) and i t s  575" C. coke 
(broken l i n e ) .  

Figure 4. Schematic diagram of small-acgle s c a t t e r i n g  apparatus. 
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Figure 5. Plots of log101 versus log1$8 f o r  three e lec t rode  binder p i tches  (P), their 
575” C. cokes (C), quinoline insoluble f r a c t i o n s  (QI), and q u i n o l b e  soluble 
f r a c t i o n s  (QS). Nunbers on curves ind ica t e  magnitudes of t h e  negative slopes. 



-151- 

I 

\ 

I 

Not f o r  Publ icat ion 
Presented Before t h e  Division of Gas and Fuel Chemistry 

Boston, Massachusetts, Meeting, Apr i l  5-10, 1959 
American Chemical Society 

The Rela t ion  of t h e  Chemical and Physical Proper t ies  of Coal 
Tar P i tches  t o  t h e i r  Carbonization and Graphi t iza t ion  Character 

P.L. Walker, Jr., C.R. Kinney, D.O. Baumbach, and M.P. Thomas 
Fuel  Technology Department, The Pennsylvania S t a t e  Universi ty  

Univer s i t y  Park, Pennsylvania 

INTRODUCTION 

Coal t a r  p i tch ,  der ived from by-product ovens, is t h e  prefer red  
mater ia l  f o r  use as a binder i n  t h e  manufacture of carbon and graphi te  
e lectrodes.  Variat ions i n  t h e  type of  coke oven and coke oven p r a c t i c e  
and the  d i v e r s i t y  of sources of supply give r ise  t o  v a r i a t i o n s  in p i t c h  
qua l i ty  which a f f e c t  e lec t rode  performance and r e s u l t ,  in t h e  case of some 
p i t c h  binders, i n  poor performance. A t  the  moment, i t  seems i n  vogue f o r  
industry t o  invar iab ly  blame poor e lec t rode  performance on t h e  binder, de- 
s p i t e  v a r i a t i o n s  i n  the  proper t ies  of the  f i l l e r  (usua l ly  petroleum coke), 
which may be as g r e a t  as  those v a r i a t i o n s  i n  binder proper t ies .  It appears 
Khat t h e  main j u s t i f i c a t i o n  f o r  a t t r i b u t i n g  poor e lec t rode  performance t o  
the  binder is t h e  f e e l i n g  t h a t  coal  tar p i t c h  coke does not  grow in c r y s t a l -  
l i t e  s i z e  as markedly as  does petroleum coke upon hea t  treatment. With t h e  
at tendant  smaller growth in c r y s t a l l i t e  s ize ,  it is suggested t h a t  the 
p i t c h  binder possesses i n f e r i o r  q u a l i t y  f o r  such important proper t ies  as 
e l e c t r i c a l  and thermal conductivity, r e a c t i v i t y  t o  gases, c o e f f i c i e n t  of 
thermal expansion, and s t rength .  

The three  i n i t i a l  aims of t h i s  research have been: (1) t o  seek 
re la t ionships  between t h e  chemical and physical  p roper t ies  of coa l  t a r  
p i tches  and t h e  proper t ies  of t h e  cokes and graphi t ized  carbons produced 
therefrom; (2) t o  b e t t e r  understand t h e  e f f e c t  of hea t  treatment temperature 
on the  proper t ies  of carbons produced from coal  t a r  p i t c h ;  and (3) t o  com- 
pare  the  proper t ies  of the  cokes and graphi t ized  carbons produced from coal  
t a r  p i tch  with those produced from a standard, commercially used petroleum 
coke. 
coke and lampblack. This paper presents  t h e  r e s u l t s  on t h i s  i n i t i a l  phase 
of research,  

For reac t ion  rate s tudies ,  comparisons a r e  a l s o  made with a coal  

Work is now i n  progress studying t h e  i n t e r a c t i o n  between t h e  
Selected p i tches  from those examined in t h e  f i l l e r  and binder phases. 

i n i t i a l  phase of the  research a r e  being processed wi th  a s tandard petroleum 
coke i n  a conventional manner t o  produce carbon and g r a p h i t e  bodies. 
t a n t  proper t ies  of the  bodies w i l l  be compared with the  same proper t ies  of 
t h e  cokes and graphi tes  produced separately from t h e  p i tches  i n  an attempt 
t o  learn  t h e  r e a l  s ign i f icance  of binder proper t ies  i n  a f f e c t i n g  e lec t rode  
performance. 
a t  a f u t u r e  da te .  

Impor- 

The r e s u l t s  of t h i s  l a t t e r  phase of research  w i l l  be reviewed 
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EXPERMENTAL 

A. Preparat ion of Coke and Graphitized Carbons 

1. Charring of t h e  coa l  t a r  Ditches. A sample of 250 grams of coal  tar 
p i t c h  was placed i n  an annealed g l a s s  l i n e r  ( 5 . 4  cm. 0.d. and 52.5  cm. long). 
The l i n e r  was enclosed i n  a gas- t igh t  s t e e l  bomb (1780 cc.  capaci ty)  and the  
bomb w a s  evacuated p r i o r  t o  f i l l i n g  with ni t rogen t o  atmospheric pressure. 
The bomb w a s  heated t o  550C2.5"C. i n  twelve hours and held a t  55OOC. f o r  an 
addi t iona l  twelve hours. The maximum pressure developed on charr ing ranged 
from 710 t o  890 psig., depending upon the  p i tch .  
cool  t o  room temperature before  opening. 

The bomb w a s  allowed t o  

The recovery of char i n s i d e  the  g l a s s  l i n e r ,  which was subsequently 
coked and graphi t ized,  general ly  ranged from 67 t o  78 per cent of t h e  i n i t i a l  
p i t c h  weight. 
between the glass l i n e r  and bomb wall  and by permanent gases. The molecular 
weight of the permanent gases  was estimated i n  severa l  runs t o  be about 2 2 .  
Two charr ing runs were made on each pi tch,  with the  charring y i e l d s  agreeing 
c o n s i s t e n t l y  within 1.5 per  cent .  

The remainder of the  weight could be accounted f o r  by char 

2. Grinding of the  coa l  t a r  p i t c h  chars .  The pi tch-chars  were ground i n  
a hammer m i l l  and screened through U.S. s ieves  40 and 60 mesh. 
mesh f rac t ion ,  which amounted t o  between 30 and 40 per cent of the  char yield, 
w a s  used i n  the subsequent coking operation. 

The 40 x 60 

3. Coking of the  coal  t a r  p i t c h  chars. Twenty-five grams of char from 
each charring run were heated ( i n  a Vycor tube f lushed with helium) a t  a r a t e  
of 5OC. p e r  minute t o  1000°C.  and soaked f o r  one hour at  t h i s  temperature. 
Variat ion i n  temperature along t h e  sample length w a s  l e s s  than k6OC. The 
coke y i e l d  amounted t o  about 65 t o  70 per cent.of the  i n i t i a l  p i tch  weight. 
Negl igible  fusing of the 40 x 60 mesh char p a r t i c l e s  w a s  found on coking. 

4. Graphi t izat ion of t h e  coal  t a r  p i t c h  cokes. Approximately 10 grams 
of 40 x 60 mesh coke were placed i n  cy l indr ica l  g raphi te  capsules (1 1 / 2  i n .  
0.d. and 1 1 / 2  in .  long) .  The capsules w e r e  loaded i n t o  a l a r g e r  cy l indr ica l  
g r a p h i t e  capsule ( 4  in .  0.d. by 11 in .  long), which w a s  then centered i n  a 
r e s i s t a n c e  furnace. The r e s i s t a n c e  furnace, which w a s  flushed with helium 
during a run, cons is ted  of a graphi te  tube 6 inches i n  diameter and severa l  
f e e t  long. 
'removed. 
Samples graphi t ized by r e s i s t a n c e  heat ing a r e  designated as carbons (R). 

' 

Samples were allowed t o  cool t o  room temperature before  being 
A l l  temperatures were measured with a Pyro o p t i c a l  pyrometer. 

5 .  Additional hea t  treatment of a v a r i e t y  of carbons. I n  order  t o  
understand the e f f e c t s  of a wide heat  treatment range on the subsequent 
r e a c t i v i t y  of coa l  t a r  p i t c h  coke, petroleum coke, coal  coke, and lampblack 
t o  oxidizing gases, samples were heated t o  temperatures of approximately 
1750, 2000, 2250, 2600,  and 280OOC. i n  an induction furnace, with zero soak 
time a t  the maximum temperature. Three c y l i n d r i c a l  g raphi te  c ruc ib les  
(7/8 in .  0.d. and 1 1 / 2  i n .  long) were p a r t i a l l y  f i l l e d  with 5 grams of 
sample. The c ruc ib les  were inser ted  i n t o  a graphi te  tube (1 1 / 4  in .  0.d. 
and 21 in. long), which i n  turn was centered in to  a quartz  tube ( 3  1/4 in .  
0 .d .  and 25 1/4 i n .  long) .  The furnace was evacuated over night a t  room 
temperature and then f lushed with helium during the run. The temperature 
was regulated by manual cont ro l  of a transformer. Temperature reddings 
were taken with an o p t i c a l  pyrometer s ighted through a quartz window a t  
t h e  top of the furnace. 

/, 

a 
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B. Apparatus and Procedures Used to Define the Properties of the Pitches, 
Cokes, and Graphitized Carbons 

Standard procedures previously described were used in the x-ray 

Analyses of the coal tar pitches were determined 
diffraction (2), surface area ( 3 , 4 )  , electrical resistivity (5), and gas 
reactivity studies (6). 
using standard specification studies ( 7 ) .  

C. Description of Raw Materials 

The coal tar pitches represent the residual product from the 
distillation of high-temperature coke-oven tars. No information is 
available on the carbonization temperatures at which the tars were pro- 
duced or the distillation procedures used to produce the coal tar pitches. 

Raw petroleum coke is the coked still bottoms left in the pot 
after distillation of the crude oil. 
of ca. 500OC. was calcined at ca. 1250°C. It had an ash content of 0.12 
per cent and a carbon content of 97.8 per cent. 

The raw coke having seen a temperature 

Lampblack is prepared from the partial combustion of liquid hydro- 
carbons. The lampblack used in this research was taken from crushed, 5/8-in. 
gas baked (ca. 1000°C.) lampblack electrodes. The green electrodes contained 
a mixture of 75 Der cent 1amDblack and 25 Der cent coal tar pitch by weight. 
The baked material had an ash content of 0.22 per cent 
of 98.9 per cent. 

The coal coke was a standard low temperature 
It had an ash content of 6 .8  per cent at about 600'C. 

of 85.0 per cent. 

RESULTS AND DISCUSSION 

A. Analyses of the Coal Tar Pitches 

and a carbon content 

foundry coke produced 
and a carbon content 

Table I presents data on the chemical analyses of the whole 
pitches. The analysis for sample BD-PSU-5 is markedly different from the 
remaining samples, since it is a lignite pitch. 

Table 11 presents semi-quantitative data on the concentration 
of metallic impurities in some selected pitches. The concentrations were 
determined using standard soectrochemical techniques. The concentrations 
are expressed i n  parts of impurity per million,p&ts of pitch on a weight 
basis. 

Table 111 presents miscellaneous data on the pitches. The coking 
values were determined using the Barrett Method B-8 (7), which consists of 
rapidly heating the pitch to 900°C. and holding the temperature for seven 
minutes. 
and ball mefhod (7) .  From Table XE& it i s  seen that the specific gravity 
of the whole pitch increases with an increase in its quinoline insoluble 
content. Also as expected, it is seen from Table 111 that as the specific 
gravity increases, the coking value alsc increases. 

The softening point of the pitches was determined by the ring 
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B. Chemical Analyses of the Cokes from the Group A Coal Tar Pitches 

Table IV presents data on the chemical analyses of the cokes from 
the Group A* coal tar pitches. For these pitches, two charring runs and 
three coking runs were made, with the char from one run being coked twice, 
The data, consequently, represent an average of three coking runs. The 
amount of hydrogen in the original pitch removed upon coking varies from 81 
per cent for sample 22805 to 90 per cent for sample 23217. The amount of 
nitrogen removed from the pitch ranges from 28 per cent for sample 23217 
to 100 per cent for sample 56-273. The amount of sulfur removed from the 
pitch ranges from 28 per cent for sample 22761 to 54 per cent for sample 
56-274. Thus, there is considerable variation in the amount of hydrogen, 
nitrogen, and sulfur removed on coking of the different pitches. Eowever, 
there is no obvious correlation between the amount of these elements in 
the original pitch and the percentage of them removed on coking. 

C.  Crystallographic Parameters for the Chars, Cokes. and Graphitized 
Carbons from the Group A Coal Tar Pitches 

1. Interlayer spacings and crystallite heiahts. Table V presents 
data on the interlayer spacings and crystallite heights of the chars, cokes, 
and graphitized carbons produced from the Group A coal tar pitches. X-Ray 
diffraction determinations were made on a sample from each run. 
the data on the chars represent the average of two determinations; on the 
cokes, an average of three determinations; and on the graphitized carbons, 
an average of two determinations at each temperature (that is, two different 
samples of coke were heated in each graphitization run). The graphitization 
runs were performed in the resistance furnace previously described. The 
interlayer spacing data in all cases are significant to =O.OZA., iO.OlA., 
and f.001A. for the chars, cokes, and graphitized carbons, respectively. 
The crystallite height data in all cases are significant to t l A . ,  clA., and 
+50A. ,  respectively. 

Consequently, 

Franklin (8) and Bacon (9) have thoroughly discussed the use of 
interlayer spacing data as a criterion of three-dimensional ordering in 
carbon. Interlayer spacings above 3.448. are indicative of only two dimen- 
sional ordering, whereas decreasing spacings between 3.448. and 3.3538A. 
indicate a progressive increase in three-dimensional ordering between zero 
and 100 per cent. As expected, the interlayer spacing data on the chars 
and cokes indicate no three-dimensional ordering. Furthermore, for each 
group the spacings are essentially the same. 
Kinney, Nunn, and Walker ( l o ) ,  among others, the interlayer spacings of the 
material having seen 1000°C. (cokes) are somewhat larger than the comparable 
material having seen only 550°C. (chars). As expected, the calcined petro- 
leum coke having seen a temperature of ca. 1250°C. has a lower interlayer 
spacing than the cokes from the coal tar pitches. That is, the interlayer 
spacing of carbons begins to decrease markedly at heat treatment temperatures 
above about 1050°C. 

In line with the findings of 

* The first six coal tar pitches, on which some additional work was done, 
.will be called Group A pitches hereafter. The remainder of the pitches 

. w i l l  be called Group B. 
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On graphitization, a marked decrease in interlayer spacing of 
all the cokes is seen. The effect of increasing graphitization temperature 
on further decreasing the interlayer spacing is also evident, as previously 
discussed (11). 
2650°C. is seen to have the lowest interlayer spacing, 3.359A., and, con- 
sequently, the highest degree of three-dimensional ordering, ca. 85 per cent. 
The petroleum coke graphitized at 2570°C. has a lower interlayer spacing 
than the majority of the pitch cokes graphitized at the same temperature. 
Unfcrtunately, the petroleum coke was not heat treated at 265OOC. 

The carbon produced from pitch 23217 by graphitization at 

From Table V, it is seen that there is little significant dif- 
ference in the average crystallite heights between the chars, as a group 
or between the cokes, as a group. Some decrease in the average crystallite 
sizes of the cokes over the comparable chars are noted, in line with pre- 
vious findings (10). The petroleum coke has a considerably higher crystal- 
lite height than any of the pitch cokes, as expected because of its higher 
calcination temperature. Extensive increases in average crystallite heights 
of the pitch cokes on graphitization are noted. However, the effect of 
increasing the graphitization temperature from 2570 t"0 2650°C. on increasing 
the crystallite heights is not indicated clearly by the data. In any event, 
the marked decrease in interlayer spacing and increase in crystallite height 
upon heating to graphitization temperatures clearly stamp these pitch cokes 
as "graphitizable carbons". 

2. Orientation of crystallites in pitch cokes. A s  pointed out, the 
interlayer spacing and crystallite height data on the pitch cokes show such 
minor variations that it is difficult to distinquish between the samples. 
A similar situation was shown to exist when a series of calcined petroleum 
cokes was examined by x-ray diffraction ( 1 2 ) .  However, in the latter case 
it was shown that the extent of crystallite orientation in the cokes, as 
given by the intensity of the (002) x-ray diffraction peak, varied con- 
siderably and could be used to predict important properties of carbon bodies 
made from the cokes. Consequently, relative intensities of the (002) peak 
for the pitch cokes were determined using techniques previously described 
( 2 , 1 2 ) .  Peak intensities were determined on the three coke samples from 
each pitch, and one additional intensity determined on a second sample of 
one of the cokes selected at random. The average peak intensity for the 
cokes from each pitch varied in all cases by less than + l o  per cent. The 
intensities varied from 24 .4  C.P.S. for pitch coke 22761 (poorest crystallite 
orientation) to 3 4 . 4  C.P.S. for pitch coke 23217 (best crystallite orienta- 
t ion) 

D. Surface Areas of the Chars, Cokes, and Graphitized Carbons from the 
Group A Coal Tar Pitches 

Table VI presents surface area data on 40 x 60 mesh samples of 
coke and graphitized carbons produced from the Group A coal tar pitches. 
The surface area for the char produced from pitch 23217 is also included. 
Determinations were made on the same number of samples as in the x-ray 
diffraction studies, with the average surface areas reported in Table VI 
represezting a11 samples from a given pitch within at least f10 per cent. 

The first major conclusion to be drawn from the data in Table VI 
is that the surface areas of the cokes (and char) are quite small. 
small areas indicate that the cokes (and char) contain a negligible amount 

These 
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of open porosi ty  i n  f i n e  pores. A small area i s  des i rab le  f o r  a graphi t izab le  
carbon s i n c e  i t  means tha t  there  w i l l  be a minimum of d i s c o n t i n u i t i e s  within 
t h e  p a r t i c l e  t o  s top  c r y s t a l l i t e  growth. I t  should be  noted t h a t  the  petroleum 
coke has a somewhat higher a r e a  than the coal  t a r  p i t c h  cokes. This could b e  
due e n t i r e l y ,  o r  i n  p a r t ,  t o  t h e  higher heat  treatment temperature of the 
petroleum coke, s ince  it has been shown t h a t  surface areas  of some carbons do 
increase s l i g h t l y  when heated i n  the range 950 t o  llOO°C. 

N o  r e l a t i o n s h i p  i s  found  between^ t h e  sur face  area of t h e  cokes and 
t h e i r  g r a p h i t i z a b i l i t y .  For example, carbon from p i t c h  23217 has the lowest 
i n t e r l a y e r  spacing on heat  treatment t o  2650'C. but yet  does not have the 
lowest surface area,  as seen i n  Table V I .  This lack of c o r r e l a t i o n  i s  not 
surpr i s ing  i f  t h e  very low values of the  surface areas  a r e  kept i n  mind. 
At 265OoC., the extent  of c r y s t a l l i t e  growth i s  probably not y e t  l i m i t e d  by 
t h e  infrequent pores i n  the  coke p a r t i c l e  (11). 

From Table V I ,  it i s  seen t h a t  there  i s  a decrease i n  the s p e c i f i c  
surface areas  of the  cokes on heat  treatment t o  2570 and 2650°C. 
t h i s  decrease ranges from 50 per cent f o r  sample 22761 t o  13 per cent f o r  
sample 22763. 
r e l a t e d  t o  the sur face  a r e a  of the coke - the  higher i t s  area the  grea te r  
the percentage decrease. This  r e s u l t s  i n  the  sur face  areas  of a l l  the 
graphi t ized  carbons varying much less than t h e  sur face  areas  of the  cokes. 

A t  2650"C., 

The percentage decrease i n  surface a rea  i s  seen t o  b e  roughly 

Despite the o v e r - a l l  decrease i n  a reas  on graphi t iza t ion ,  there  
i s  some indica t ion  t h a t  the  s p e c i f i c  sur face  area of the graphi t ized  carbons 
increase s l i g h t l y  i n  going from 2570 t o  2650OC. Perhaps v o l a t i l i z a t i o n  of 
some impuri t ies  i n  t h i s  temperature range produced s l i g h t  porosi ty .  I t  is 
noted tha t  the sur face  area of t h e  petroleum coke a f t e r  graphi t iza t ion  a t  
257OOC. i s  ca. 25 per cent  g r e a t e r  than t h e  sur face  a rea  of the graphi t ized  
p i t c h  cokes. 

Looking a t  t h e  chemical analyses of the coal  t a r  p i tches  i n  Table 
I, no cor re la t ion  is  found between the percentage of hydrogen, nitrogen, o r  
s u l f u r  i n  the  p i t c h  and t h e  sur face  areas  of the  cokes or graphi t ized  carbons 
produced therefrom. 

E .  E l e c t r i c a l  R e s i s t i v i t i e s  of Cokes and Graphitized Carbons 

Table VI1 presents  e l e c t r i c a l  r e s i s t i v i t y  da ta  on the  cokes and 
graphi t ized  carbons produced from both the Group A and B coal  t a r  pi tches .  
The r e s i s t i v i t i e s  of the  cokes a r e  seen t o  be  qu i te  s imi la r .  Disregarding 
samples 22761 and BD-PSU-5 ( l i g n i t e  p i tch) ,  t h e  r e s i s t i v i t i e s  of the  r e -  
maining p i t c h  cokes vary by only f12  per  cent .  
between the  e l e c t r i c a l  r e s i s t i v i t i e s  of  t h e  Group A cokes and t h e i r  c r y s t a l -  
lographic parameters o r  sur face  areas .  Presumably, likewise no cor re la t ions  

ca lc ina t ion  temperature, the  petroleum coke has a lower e l e c t r i c a l  r e s i s t i v -  
i t y  than any of t h e  p i t c h  cokes. 

No c o r r e l a t i o n  i s  found 

I' would e x i s t  for  the Group B p i t c h  cokes. A s  expected because of i t s  higher 

On graphi t iza t ion ,  there  i s  a marked decrease i n  t h e  e l e c t r i c a l  
r e s i s t i v i t i e s  of a l l  samples. Further, a s  expected (13), the  higher 
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temperature g r a p h i t i z a t i o n  run* produced, f o r  each sample, the lower elec- 
t r i c a l  r e s i s t i v i t y .  A s  f o r  the  cokes, no c o r r e l a t i o n  exists between t h e  
electrical r e s i s t i v i t i e s  of t h e  graphi t ized  carbons from t h e  Group A p i t c h e s  
and the c rys ta l lographic  parametes o r  sur face  areas of t h e  carbons. 

The e l e c t r i c a l  r e s i s t i v i t i e s  f o r  the graphi t ized  petroleum coke 
are comparable v i t h  those f o r  many of t h e  graphi t ized  p i t c h  cokes heated t o  
the  same temperature. Actually, t h e  e l e c t r i c a l  resistivities of t h e  graph- 
i t i z e d  p i t c h  cokes from samples 23217, 56-274, BD-PSU-8, -12, -16, and -17 
are lover  than t h e  r e s i s t i v i t i e s  of the graphi t ized  petroleum coke. 

F. Gas R e a c t i v i t i e s  of Cokes and Graphi t ized Carbons 

1. R e a c t i v i t i e s  of cokes and graphi t ized  carbons t o  carbon dioxide at  
115OOC. Tables VI11 and IX present  d a t a  f o r  the  r e a c t i v i t y  of cokes and 
graphi t ized  carbons from t h e  Group A and Group B pi tches ,  respec t ive ly .  
Clearly, f o r  t h e  major i ty  of the p i t c h  samples, t h e  r e a c t i v i t y  of t h e  car -  
bons graphi t ized  between 2570 and 2660°C. is g r e a t e r  than t h e  r e a c t i v i t y  of 
t h e  cokes. 
cept ions.  For the Group A coa l  t a r  pi tches ,  an increase  i n  g r a p h i t i z a t i o n  
teinperature from 2570 t o  2650OC. r e s u l t s  i n  a marked increase  i n  r e a c t i v i t y  
of the  carbons t o  carbon dioxide. To the contrary, f o r  t h e  Group B coal  
t a r  p i tches  (and p i t c h  22805 from Group A) an increase i n  graphi t iza t ion  
temperature from 2660 t o  268OoC, produces a decrease i n  r e a c t i v i t y ,  with 
two exceptions. These exceptions a r e  samples BD-PSU-1 and -18. 

Samples 56-274 (graphi t ized  a t  257OOC.) and BD-PSU-2 a r e  ex- 

It is noted t h a t  the  w i d e  v a r i a t i o n  i n  r e a c t i v i t i e s  of  the  p i t c h  
cokes t o  carbon dioxide i s  not c a r r i e d  over t o  the  graphi t ized  samples. 
For example, consider ing the  Group B p i tches ,  t h e  cokes show a spread i n  
r e a c t i v i t y  from 3.5 t o  30.8 per cent  burn-off i n  two hours. On t h e  o ther  
hand, exclusive of BD-PSU-5 ( l i g n i t e  p i tch) ,  the  samples graphi t ized  a t  
2660’C. show a spread i n  r e a c t i v i t y  from only 19.8 to 28.1 per  cent. 

A q u a l i t a t i v e  c o r r e l a t i o n  i s  found between the per  cent  ash i n  
the  coal  t a r  p i tches  (Table I) and t h e  r e a c t i v i t y  of t h e  cokes produced 
therefrom (Table VI11 and 1x1. Even though t h e r e  i s  considerable  s c a t t e r  
i n  the data, i n  general, h igher  ash content  i n  t h e  p i t c h  means higher re- 
a c t i v i t y  of the  cake towards carbon dioxide. The scatter i n  the da ta  is  to  
be expected s i n c e  ind iv idua l  c o n s t i t u e n t s  of t h e  impurity phase w i l l  have 
d i f f e r e n t  e f f e c t s  on increasing ( o r  decreasing) t h e  r e a c t i v i t y  of t h e  coke. 
So c o r r e l a t i o n  is found, however, between the concentrat ions of any ind iv id-  
u a l  cons t i tuent  of t h e  impurity phase i n  the  p i t c h  and r e a c t i v i t y  of t h e  
cokes. 

For the  Group A coa l  tar p i tches ,  t h e  r e a c t i v i t y  d a t a  of the 
cokes ( a s  a group) o r  graphi t ized  carbons ( a s  a group) cannot be explained 
on the bas i s  of t h e  sur face  a r e a  o r  c rys ta l lographic  parameters of these 
mater ia ls .  

* It is  noted t h a t  t h e  majori ty  of the Group A samples w e r e  g raphi t ized  a t  
temperatures lower than those used f o r  t h e  Group B samples. 
i n s u f f i c i e n t  samples of t h e  Group A cokes were a v a i l a b l e  t o  make heat  treat-  
ment runs at  2660 and 2680OC. 

Udor tuna te ly ,  
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In marked c o n t r a s t  t o  the  increase i n  r e a c t i v i t y  upon g r a p h i t i -  
za t ion  for  the majori ty  of  the p i t c h  samples, the petroleum coke i s  seen 
t o  undergo a major decrease i n  r e a c t i v i t y  upon g r a p h i t i z a t i o n  to  257OOC. 
Further ,  t h e  r e a c t i v i t y  of the  petroleum coke i s  many-fold g r e a t e r  than the  
r e a c t i v i t y  of t h e  major i ty  of t h e  p i tch  
t h e  graphi t ized petroleum coke is comparable t o  t h a t  of many of t h e  
graphi t ized  p i t c h  cokesi 

cokes; whereas the  r e a c t i v i t y  of 

2 i  
R e a c t i v i t i e s  of d i f f e r e n t  carbons to  carbon dioxide and a i r  as  a 

funct ion of heat treatment temperature. Samples of p i t c h  coke 56-273, 
petroleum coke, lampblack, and coal  coke were heat  t r e a t e d  i n  a helium 
atmosphere a t  a s e r i e s  of temperatures, using an induct ion furnace. Sepa- 
rate runs a l so  were made a t  se lec ted  temperatures on p i t c h  coke 56-273 
and petroleum coke i n  an induct ion furnace, using a 1 per cent  chlorine-99 
per cent  helium atmosphere& Because of space l imi ta t ions  i n  the  induction 
furnace, only s u f f i c i e n t  sample could be hea t  t r e a t e d  t o  enable t h e  making 
of one r e a c t i v i t y  run, each, i n  carbon -_  dioxide and air. Table X summarizes 
the  data .  

I n  agreement wi th  previous f indings where the  r e s i s t a n c e  furnace 
w a s  used to heat t r e a t  t h e  samples, the r e a c t i v i t y  of t h e  p i t c h  coke is 
seen t o  increase upon being t r e a t e d  to  higher temperatures. 
r e a c t i v i t y  i s  found f o r  hea t  treatment to  ca. 2000°C. Another maximum 
(displaced to a higher temperature than found previously f o r  sample 22805) 
probably occurs a t  a temperature above 2800°C. 
r e a c t i v i t y  of petroleum coke t o  carbon dioxide shows a marked decrease upon 
hea t  treatment. The i n i t i a l  decrease i s  found t o  occur between the  ca lc ina-  
t i o n  temperature and a h e a t  treatment temperature of 1750'C. A s l i g h t  
increase  i n  r e a c t i v i t y  is  suggested with an increase  i n  heat  treatment 
temperature between 1750 and 2250°C. This i s  followed by a second, sharp 
decrease in  r e a c t i v i t y  on heat  treatment t o  2600'C. No f u r t h e r  maximum i n  
r e a c t i v i t y  i s  found f o r  t h e  petroleum coke between 2600 and 28OO0C., prob- 
ably because the  gap i n  h e a t  treatment temperature w a s  too l a r g e  to uncover 
a maximum. 

A maximum i n  

Also a s  found before, t h e  

Limited da ta  i n d i c a t e  t h a t  t h e  success a t t a i n e d  i n  decreasing 
carbon r e a c t i v i t y  by h e a t  treatment i n  a par t ia l  ch lor ine  atmosphere depends 
upon the carbon and heat  treatment temperature. For example, f o r  t h e  p i t c h  
coke 56-273, i t  i s  seen t h a t  t h e  use of a p a r t i a l  ch lor ine  atmosphere 
during hea t  treatment a t  ca. 1750 and 2000°C. markedly decreases t h e  sub- 
sequent r e a c t i v i t y  of t h e  carbon t o  carbon dioxide. On t h e  o ther  hand, t h e  
use of chlor ine a t  ca. 2250°C. shows l i t t l e  e f f e c t .  The use of a p a r t i a l  
ch lor ine  atmosphere during t h e  hea t  treatment of petroleum coke a t  ca. 2000 
and 2250'C. a l s o  shows l i t t l e  e f f e c t  on the  subsequent r e a c t i v i t y .  

It i s - s e e n  from Table X t h a t  heat  treatment of lampblack and coa l  
coke over a range of temperatures has a n e g l i g i b l e  e f f e c t  on the subsequent 
r e a c t i v i t y  of these  mater ia l s  t o  carbon dioxide. This is p a r t i c u l a r l y  
surpr i s ing  in  t h e  case of t h e  coal  coke, which undoubtedly underwent a major 
decrease i n  ash content  on heat  treatment a t  2600°C. 

The e f f e c t  of hea t  treatment on the  r e a c t i v i t y  of p i t c h  coke and 
petroleum coke t o  a i r  i s  seen t o  be considerably d i f f e r e n t  from the  e f f e c t  
of heat  treatment on t h e i r  r e a c t i v i t y  t o  carbon dioxide. The r e a c t i v i t y  of 
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both these materials to air is seen to decrease progressively with increasing 
heat treatment temperature. Furthermore, the reactivities of the two materi- 
als to air for heat treatment temperatures up to 2250°C. parallel each,,other 
closely. 
markedly the subsequent reactivity of the pitch coke to air at all heat treat- 
ment temperatures investigated. - 

The use of a partial chlorine atmosphere is seen to decrease 

As in the carbon-carbon dioxide reaction, variation in heat treat- 
ment temperature is seen to have a negligible effect on the reactivities of 
lampblack and coal coke to air. 

It is readily apparent that the reactivity of carbons to carbon 
dioxide is much more sensitive to carbon-type than is the reactivity of 
carbons to air. In the latter case, it is seen that the reactivities of 
different carbons, following particular heat treatment temperatures, are 
quite similar. 
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TABLE I V  

%C - C o k e  

CHEMICAL ANALYSES OF THE COKES FROM THE 
GROUP A COAL TAR PITCHES 

w %S 7. O t h e r  - 
22761 98.16 0.48 0.23 0.54 0,57 
22763 97.68 0.61 0.03 0.35 0.35 
22805 96.53 0.79 0.16 0.26 0.26 

. 23217 97.96 0.44 0.36 0.26 0.26 
56-273 ' 98.35 0.56 0.00 0.29 0.29 
56-274 98.11 0.75 0.05 0.16 0.16 

TABLE V I  

SURFACE AREAS OF THE CHARS, COKES, AND GRAPHITIZED CARBONS 
PRODUCED FROM THE GROUP A COAL TAR PTICRES 

2 
S u r f a c e  A r e a ,  m . / e  

P i t c h  - C h a r  - C o k e  G r a p h i t i z e d  Carbon 
257OoC, 2650'C. 

22761 - 0.36 0.18 0.18 
22763 0.24 0.17 0,21 
22805 0.26 0.17 0.20 
23217 0.38 0.34 0.23 0.21 
56-273 0.31 0.19 ' 0.20 
56-274 0.45 0.24 0.28 
petroleum coke 0.59 0.34 - 

A t o m i c  
C-H R a t i o  

17.2 
13.4 
10.6 
18.5 
14.1 
11.4 

Y 
? 
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Sample 

22761 
22763 

23217 
56-273 
56-274 
BD-PSU-1 

-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
-11 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 

22805 

TABLE VI1 

ELECTRICAL RESISTIVITIES AT 2500 Pg.”AND 25°C. 
FOR COKES AND GRAPHITIZED CARBONS 

E l e c c r i c a l  R e s i s t i v i t y ,  ohm-cm. 
Coke Graphitized Carbon 

2660°C, 2680°C. - -  
0.050 

0.040 
0.038 

0.038 
0.038 
0.032 
0 037 
0.035 
0.041 

0.049 
0.036 
0 040 
0.038 
0.039 
0.037 
0.035 
0.037 
0.037 
0.040 
0.041 
0.034 
0.034 
0.032 
0.036 

0.038 

0. 0081a 
0.004ga 
0.0042 
0. 002gb 
0. 0044a 
0.002gb 
0.0032 
0.0035 
0.0046 
0.0042 
0.0050 
0.0032 
0.0030 
0.0028 
0.0037 
0.0036 
0.0031 
0.0027 
0.0034 
0.0038 
0.0039 
0.0026 
0.0020 
0.0033 
0.0035 

petroleum coke 0.024 0.0031 

0 0032 

0,0031 
0.0034 
0.0038 
0 e 0032 
0.0042 
0.0030 
0.0029 
0.0025 
0.0029 
0.0027 
0.0024 
0.0026 
0 a 0027 
0.0031 
0.0030 
0.0023 
0.0021 
0.0023 
0.0029 
0.0025 

Graphitized at 2570°C. Graphitized a t  2650°C. a 



TABLE VI11 

REACTIVITIES OF COKES AND GRAPHITIZED CARBONS FROM 
GROUP A PITCHES TO CARBON DIOXIDE AT 1150°C. 

n 
I' 

Sample 

22761 

22763 

Weight Per Cent Burn-Off in Two Hours - Coke Graphitized Carbon 
2570°C. 2650°C. -- 

8.7a 16.2 29.3 

9.8 12.4 24.4 

t! 22805 8.8 15.0 26.2 

23217 7.4 S7.6 24.3 

56-273 7.6 -' 12.4 31.1 

56-274 22.0 15.9 27.0 

petroleum coke 55.2 10.7 - 

a Reactivities on pitch cokes represent average of reactivities 
determined on individual samples from three different coking 
runs. 

Reactivities on carbons at each graphitization temperature 
represent average of reactivities on two graphitized coke 
samples. 
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TABLE IX 

REACTIVITIES OF COKES AND GRAPHITIZED CARBONS FROn 
THE GROUP B PITCHES TO CARBON DIOXIDE AT 1150°C. 

Weight Per Cent Burn-Off in  Two Hours 
- Coke Graphitized Carbon -- 2 6 6 0 0 ~ .  2 6 8 0 0 ~ .  

BD-PSU- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 

-10 
-11 
-12 
-13 
-14 
-15 
-16 
-17 
-18 
-19 

petroleum coke 
22805 

17.7a 
30.8 

5.0 
30.2 
16.8 
15 .O 
11.. 3 
14.0 
8.1 
8.7 
6.6 
3.5 

16.7 
17.5 
14.4 
11.6 
12.4 
14.1 
8.8 

55.2 

8.7 

24.5b 26.8 
21.1 20.5 
23.0 19 .1  
22.9 12.3 
40.3 37.9 
20.1 14.4 
20.5 14.7 
24.3 16.8 
25.0 21.9 
19.8 14.2 
23.8 17.3 
23.6 15.1 
21.7 14.5 
28.1 17.2 
25.7 17.9 
25.1 15.2 
20.8 15.2 
20 .o 25.5 
22.7 16.8 
26.8 17.2 
22.5 15.2 

a React iv i t ies  on pitch cokes represent average of r e a c t i v i t i e s  
determined on indivfdual samples from two different  coking runs 

Represents one react iv i ty  run on one graphitized coke sample a t  
each temperature i n  every case.  
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